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A collimated helium-neon laser beam (0. 6328 |im) is incident on a focusing 
holographic diffraction grating from the left hand side of the photograph: 
The various diffracted orders can be seen to have different focal lengths in 
accordance with theory.    The zeroth order and one diverging order are seen 
at the right hand side.    The grating was designed for use at 3. 39 fim for 
which it would have only one aberration-corrected diffracted order. 
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PREFACE 

This  report documents the work performed for the Holographic Grating 

Study from its inception in August 1976 until February 1978,   covering the 

original scope of effort defined in the RFP.    An additional effort to investigate 

the properties of holographic grating axicons is continuing under a contract 

modification and will be reported on when completed in early 1979. 

The study is being conducted by Hughes Aircraft Company,   Laser 

Systems Division,   Electro-Optical and Data Systems Group,  for Rome Air 

Development Center,   Griffiss Air Force Base,   under Contract Number 

F30602-76-C-0402.    Mr.   Robert Ogrodnik is the technical monitor for RADC. 

Technical direction for Hughes during the report period was provided 

by Dr. John M. Fitts, who also served as Program Manager for the first six 

months of the ptudy.     The other Hughes contributors to the contract were: 

Program Managemen*: J.  O.   Garvey 

Optical Analysis: R.  J,   Withrington and O.  G.   Ramer 

Grating Fabrication: A.   Au and A.   C.   Livanos 

High-Efficiency Gratings: M.  Minden and G.   M,  Janney 

The report is divided into two volumes.    Volume I, which comprises 

all but a small fraction of the report material, is iäsued with unlimited 

rights.    Volume II,  containing descriptions of certain  proprietary concepts 
and techniques, is issued with limited rights. 
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PHASE I SUMMARY 

1279 
F30602-76-C-0402 
Holographic Grating Study - Phase I 
Hughes Aircraft Co., Culver City, CA 

The objectives of this program are to develop and 

assess a technology which produces diffraction limited 

beam samplers which are suitable for high energy laser 

applications and lend themselves to large aperture optical 

systems, of the several meter range, in their performance 

of uniformity and distortion. 

The developed technology is based on holographic 

exposure methods for grating construction with exposure 

being made directly on a photoresist layer which is 

deposited (with controlled uniformity) on the optical 

surface of the candidate mirror substrate.  Ion etch 

methods are used for permanently etching the grating into 

the substrate, with the developed photoresist serving as 

a direct contact mask during the etching process. The 

combination of controlled ion etching and holographic 

tailored masks permits grating groove geometry control 

which insures high quality performance not achievable by 

conventional grating fabrication methods.  Further, the 
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ion etch approach removes all photoresist after the grating 

has been imprinted and provides a light optical quality 

polish to enhance mirror properties. 

The overall approach is fully applicable to heat- 

exchanger mirror faceplates and thus supports high power 

laser component development.  The demonstration of this 

constitutes the Phase I of this effort. 

Since grating design is holographically implemented, 

the grating generated sampled beam can be made to either 

focus with a preselected radius of curvature, or to feature 

any preferred wavefront phase distribution which aids in 

wavefront monitoring or other beam sampling operations. A 

significant consequence of this is that the substrate itself 

can feature differing apparent optical prescriptions for 

differing wavelengths, thus serving the role as wavelength 

selective optical control, or, as having a virtual aspheric 

optical form when the true physical form of the substrate 

is a simple, easily fabricatable shape.  This feature will 

be fully explored in the Phaae II effort where a virtual 

axicon concept will be studied, fabricated and analyzed for 

intracavity laser mode control purposes. 

ROBERT F. ÖGRODNIK 
Project Engineer 

a^j?^^^ 
JOSEPH J. RYERSON 
Technical Director 
Surveillance Division xv 



1.0   INTRODUCTION 

1. 1   BACKGROUND 

This report documents the accomplishments of the Holographic 

Grating Study from its inception in August 1976 until February 1978,   cover- 

ing the scope of effort defined in the proposal.       The overall objective of 

the program was to establish the feasibility of holographic grating (HG) 

technology for high-energy laser applications.    In the course of the study, 

the original scope was broadened to include a subsequent investigation of 

holographic grating axicons for annular ring resonators.   This axicon work, 

which is a direct outgrowth of the original Holographic Grating Study,   is 

continuing under additional funding and will be documented upon completion 

of that effort in early 1979. 

Although the focusing properties of nonlinear gratings have long been 

recognized,  the possibility of developing them for use  on large reflective 

optics has been seriously investigated only during the last few years,  mainly 

because traditional fabrication methods were ill-suited to such applications. 

An early study by the Keuffel and Esser Company in 1972 examined the 

feasibility of producing a low-efficiency holographic beam sampling grating 
3 

on the primary mirror of a 30-cm astronomical telescope.      More recently, 

the Perkin-Elmer Corporation investigated the properties and potential 

methods of fabricating linear infrared reflection gratings to be used as wave- 

front samplers for high-energy laser (HEL) beams.       Focusing holographic 

gratings on mirror surfaces were also investigated by Arizona University. 

1. "Technical and Management Proposal for a Holographic Grating Study, " 
Hughes Aircraft Company,   10 March 1976. 

2. "Technical and Management Proposal,   Holographic Axicon/Annular 
Resonator Feasibility Demonstration, " Hughes Aircraft Company, 
Report No.   TP77-147 (1 August 1977). 

3. K. E. Erickson, "Fabrication and Evaluation of a Weak Zone Plate for 
Monitoring Performance of a Large Orbiting Telescopes, " Keuffel and 
Esser Company,  Report No,  NAS1-10564 (July 15,   1972). 

4. J. S.  Harris,   et al. ,   "Diffraction Grating Development, " Perkin-Elmer 
Corporation Report No.   11991 (AD-A008 199),   (July 1974). 

5. "Large Diameter Active Mirror with Holographic Figure Sensing," 
Arizona University Optical Sciences Center, SAMSO TR 75-17 (Oct 1974) 
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The Hughes Holographic Grating Study differs from, and goee beyond 

these earlier investigations in several important respects.    First,  the study 

is concerned with only a single type of grating, consisting of nonlinear 

reflection gratings produced by ion machining through holographically- 

exposed photoresist masks.    Linear (non-focusing) gratings were not con- 

sidered,  although they can also be fabricated using these techniques.    The 

combination of holographic exposure and ion machining techniques was chosen 

as being the most suitable fc- producing nonlinear gratings on high-power 

metal mi'-rors such as those used in HEL systems. 

A second distinguishing feature of the Holographic Grating Study 

is the detailed optical analysis tbat was performed to evaluate a number 

of holographic grating concepts applicable to HEL systems.    Among these 

concepts,  originally conceived prior to the study,  were several realizations 

of focusing HG beam samplers for a primary mirror; this analysis led 

directly to one of the major practical results of the study - a conceptual 

holographic grating sampling scheme for implementing line-of-sight (LOS) 

or wavefront control of an HEL beam.    Other concepts examined included 

a holographic grating axicon,  a holographic grating rhomb,  and a "virtual 

mirror, " all based on the properties of nonlinear high-efficiency gratings. 

The inclusion of both analytical and experimental investigations of 

high-efficiency holographic gratings represents another noteworthy aspect 

of the Hughes study.    As mentioned above,   several high-efficiency grating 

concepts were analyzed, while the feasibility of fabricating high-efficiency 

HGs was demonstrated in connection with the experimental task.    The HG 

axicon work currently in progress was brought about by the success of these 

efforts. 

Finally,  an aberration-corrected 45-degree beam sampler was 

designed,  and this design was then used to fabricate both low-efficiency and 

high-efficiency sample gratings.    Focal spot measurements of these 

samples revealed nearly diffraction-limited performance,  thus demonstrating 

that the correction of grating aberrations is feasible using straightforward 

design practices,  and is compatible with the fabrication techniques employed. 
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1.2   SUMMARY OF PROGRAM TASKS 

The Holographic Grating Study was   structured into the following six 

technical tasks: 

Task I.    Holographic Grating Conceptual Designs 

Task II.    Analytical Investigations of Conceptual Designs 

Task III.    Nonlinear Holographic Beam Sampler Development 

Task IV.    High-Efficiency Holographic Grating Feasibility 
Demonstration 

Task V.    Evaluation of Holographic Grating Applications 

Task VI.    Demonstration of "Aberration-Free'1 Holographic 
Gratings 

Although Tasks I and II were originally conceived as separate tasks, 

they were,   in effect,  merged throughout the study.    This effort was concerned 

with identifying and evaluating various conceptual uses of low-efficiency and 

high-efficiency holographic gratings in HEL systems.    Extensive computer 

analyses were employed to assess the aberrations associated with each con- 

cept,  including the effects of misalignments and distortions.    Concepts inves- 

tigated in varying levels of detail included two typee of HG beam samplers,  a 

holographic axicon,  a "virtual mirror," and an HG rhomb. 

Task IU comprised the experimental investigation of fabrication 

techniques for both low and high-efficiency holographic gratings.    Topics 

covered under this task included the preparation and coating of substrates 

with photoresist, holographic exposure and development of photoresist 

gratings, and ion-machining of the final grating into the substrate.    A sig- 

nificant portion of this investigation was devoted to methods of depositing 

highly uniform photoresist coatings,  and of elimJnating the standing waves 
that tend to occur when holographic gratings are fabricated on reflective iub- 

strates; solutions of these problems are essential to the successful develop» 

ment of high-efficiency HGa. 

Task IV was directed toward acquiring improved theoretical under- 

standing of the relationship between grating diffraction efficiency and various 

design parameters such as the groove shape and depth,  and the angle of 

incidence and polarization of the incident radiation.    A key element in this 

investigation was a set of computer codes,  originally developed at the 
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University of California,  which was used to calculate the grating efficiency 

as a function of these parameters,   and to guide the design of the high- 

efficiency grating samples fabricated in Task III.    The work in Task IV also 

included efficiency analyses of the beam sampler and "virtual mirror" con- 

cepts and laboratory measurements of the efficiency and efficiency uniformity 

of the sample gratings produced under Task III. 

The most promising HG concepts examined in Tasks I and II were 

subjected to more intensive analysis under Task V.    One low-efficiency 

grating concept (Primary Mirror HG Beam Sampler) and one high-efficiency 

concept (HG Axicon) were chosen for this purpose.    An in-depth investigation 

of the latter concept is continuing under this task. 

Task VI was conceived independently of the other tasks and was funded 

separately as the "Government Option" during the study.    It consisted of the 

design,   fabrication and laboratory evaluation of an aberration-corrected 

holographic grating beam sampler for a 45-degree folding mirror.    This task 

was included to demonstrate the feasibility of producing such "aberration-free" 

gratings using the fabrication techniques developed during the program. * 

1.3   PRINCIPAL ACCOMPLISHMENTS 

The most significant results of the Holographic Grating Study are 

enumerated below and are discussed in detail in following sections of the 

report: 

1. Fabrication techniques for both low-efficiency and high- efficiency 
nonlinear holographic gratings have been successfully developed. 

2. The feasibility of producing high-efficiency holographic gratings, 
with respect to both design and fabrication,   has been established. 

3. The feasibility of designing aberration-corrected holographic 
gratings has been demonstrated. 

4. Several important optical configurations utilizing holographic 
gratings have been analyzed in terms of their aberrations,  as a 
function of various distortions and component toleiances. 

The term "aberration free" was used initially in place of the more 
accurate designation "aberration corrected."   The two terms are used 
■ynonymously in this report. 
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5.     Two major HEL system applications of holographic gratings have 
been or are currently being investigated in depth: 

a. A primary-mirror holographic grating beam sampler for 
LOS or wavefront control, 

b. A holographic grating axicon for use as a mode-control 
device in an annular resonator. 

1.4   ORGANIZATION OF THE REPORT 

The following sections of the report present detailed descriptions 

and results of the various analytical and experimental investigations that were 

carried out during the study.    Section 2 contains the non-proprietary results 

of Tasks I, II and V, covering the analysis of holographic grating concepts 

and applications.    (Detailed descriptions of two proprietary concepts are 

given in Volume II, Section 2.)   This section also includes an introductory 

tutorial discussion of the most relevant properties of holographic reflection 

gratings.    Section 3 documents the results of the fabrication investigation 

performed under Task 3, except for a proprietary discussion of anti- 

reflection coatings, which appears in Volume II, Section 3,    The section 

begins with a general discussion of grating fabrication methods that is intended 

to clarify the reasons for selecting the approach that was adopted. 

Sections 4 and 5 are devoted to more specialized topics.    The high- 

efficiency grating investigation (Task IV) is described in Section 4, while the 

results of the   'Government Option" (Task VI) are presented in Section 5.   The 

conclusions of the study are set forth in Section 6,  which includes a summary 

of the principal results and a discussion of their implication for the continued 

development of HG technology. 



2.0   HOLOGRAPHIC GRATING CONCEPTS 

This section of the report contains descriptions and optical 

analyses of the various holographic grating concepts that were investigated 

under Tasks I,   II,   and V of the study.    Cor.cepts employing both low- 

efficiency and high-efficiency gratings are discusaed.    The feasibility 

of designing  and  fabricating   such  gratings   is   taken  up  in Sections   3 

and 4. 

The presentation begins in Section 2. 1 by examining certain 

fundamental properties of holographic gratings  that are exploited 

subsequently in defining the concepts.    In Section 2.2,   the low-efficiency 

and high-efficiency concepts are introduced and discussed separately 

in qualitative fashion.    Section 2, 3 contains the detailed optical analyses that 

were performed to assesy the viability of the concepts.    Proprietary descrip- 

tions of two high-energy-lase" systems applications are presented in 

Section 2 of Volume II. 

2. 1    BASIC PROPERTIES OF HOLOGRAPHIC GRATINGS 

2. 1. 1    What is a Holographic Grating? 

The type of gratirg considered in tnis report consists of a series of 

non-intersecting shallow grooves etched into the surface of a flat or curved 

metallic substrate such as a high-power mirror.    The groove locations are 

defined by the maxima or minima of an interference pattern produced by 

two mutually coherent wavefronts.    In general,  the grooves follow curved 

lines and their spacing (period) varies with position.    Such gratings are 
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called "thin phase reflection holograma" or «imply holographic grating« 

(HGs).    They are also, sometimes  referred to as "ncnlinea.   " grating« to 

distinguish them from conventional "linear" grating« in which the groove« 

are straight,  parallel and equally .spaced.  Strictly «peaking,   linear grat- 

ings can also be made by holographic method«,  «o the adjectives 

"holographic" anc4 "non-linear" are not quite «ynonymou«.    In the context 

of the Holographic Grating Study,  however,  thia distinction i« unimportant, 

since only true nonlinear holographic gratings were investigated. 

When a holographic grating is illuminated with a coherent 

wavefront from a laser (or other coherent source),  part of the incident 

beam is unaffected by the grating and is  reflected from the «•ib«trate as 

the zerotii order of diffraction.    The remaining energy''' i« diffracted by 

the grating into the various non-zero orders that can exist according to 

the grating equation.    The fraction of the incident energy diffracted into 

a single specified order is given by the diffraction efficiency for that 

order.    Diffraction efficiency is a function of several parameter« including 

the depth,   shape  and period of the groove«,  and the wavelength,  angle of 

in^Id^nce.  and polarization of the incident beam.    Although multiple 

orders are of interest in «ome grating application«,  the holographic 

grating concepts investigated in the present study employ either the 

zero—and first orders together (low-efficiency grating«) or the fir«t 

order alone (high-efficiency gratings). 

While the separation of a monochromatic beam into a number 01 

orders is the hallmark of any diffraction grating,  the primary di«tingal«hlng 

feature of a holographic grating is its ability to focus such a beam to a 

point.     In other words,   an HG  can be designed  to have 

CA small fraction of the incident energy is also lost to absorption 
and random scattering in the grating. 
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optical power, while a conventional linear grating cannot.    This unique 

capability i» made possible through the use of nonlinear groove patterns, 

which are practicable only with the holographic method. 

Optical power is just one of several holographic grating properties 

upon which the various concepts were based.    Because of their fundamental 

importance,  fhey are identified and briefly discussed below. 

2. 1. 2   Fundamental Properties 

The following five properties of holographic gratings play a central 

role in the concepts examined in this section: 

1.    Holographic gratings utilize the first or higher order.* of dif- 

fraction.    This,  of course,  is an essential feature of all diffraction gratings, 

but in conjunction with Property 2 below,  it provider the basis for the 

unique flexibility that marks the holographic grating optical configurations 

to be described.    The significance of this statement is best appreciated by 

examining the conceptual designs shown in Figures 1 and 2.    It should be 

evident that the use of holographic gratings opens up a range of design 

options that would otherwise be impracticable or impossible with conven- 

tional optics. 

The number and angular positions of the diffracted beams are 

governed by the grating equation, which is applicable to both conventional 

gratings and to any small region of a holographic grating.    If the grating 

lines are perpendicular to the plane of incidence,  as shown in Figure 3, 

the incident and diffracted angles 4) and 9,   respectively,  are related by the 

grating equation: 

sin4> + sinG     = mX/d m (1) 



a.    On-axis system 

^        AXIS 

b.    Off-axis E;, stem with 
axi-symrnetric sampling 

c.    On-axis system  with 
asymmetric sampling 

MAIN BEAM OPTICAL PATH 
 SAMPLE BEAM OPTICAL PATH 

• HOLOGRAM IS A LOW DIFFRACTION 
EFFICIENCY NON-LINEAR GRATING 
ON THE PRIMARY MIRROR 

Figure 1.    Illustrative beam sampling 
applications. 
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VIRTUAL PRIMARY MIRRORS 

GRATING AXICON 

GRATING RHOMB 

Figure 2.    Illustrative High-Efficiency HG Concepts 
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Figure 3.    Plane diffraction grating. 

where X. is the wavelength of the incident beam,  d is the groove spacing or 

period,   and m is an integer (positive or negative) that defines the diffraction 

order.    If the grating lines are not perpendicular to the plane of incidence, 

the relationship) between <♦> and 6     is more complicated.    The diffrected angle m 
is positive when the diffracted beam is on the same side of the grating nor- 

mal as the incident beam, negative if on the opposite side. (These conven- 

tions apply to reflection gratings, which are the only type discutised here. ) 

The values of 4» and \ /d determine the number of diffracted orders 

(the number of secondary beams into which the incident beam is split).    In 

particular,  if X/d > 2, only m = 0 is possible; i.e. ,  there are no diffracted 

beams,  only the zero    -order or specular beam (6    = <M.    Similarly,  if 

1 < X. /d < 2, the orders corresponding to m = 0 and m =  ±1 are possible 

for normal incidence, but no others.    These two cases are of particular 

importance in applications where gratings are used as beam splitters and 

samplers. 

If the incident beam is polychromatic, a set of diffracted beams will 

be produced for each component wavelength.    This property provides the 
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basis for one important method of separating two beams of different 

wavelengths.    (The other primary method is to exploit the long wavelength 

cutoff \/d > 2 to separate the beams. ) 

2,    Holographic gratings have optical power.     Because holographic 

gratings can be made to have almost any desired nonlinear groove pattern, 

they can be designed to focus a monochromatic wave to a point.     (Linear 

holographic gratings represent a limiting case for which the focal length is 

infinite,)    The formation of planar wavefronts by a linear grating (uniformly 

spaced grooves) and converging wavefronts by a nonlinear grating is illus- 

trated in Figures 4a and 4b,   respectively.    Since the focusing property of a 

nonlinear grating is optically equivalent to the action of an ordinary lens, 

an HG is sometimes described as a "holographic lens", and this term is 

used occasionally in the report. '"    The lens analogy is also suggested by the 

expression for the power PHr. of the diffracted beam from an HG: 

1 
HG 

HG 
mp. 

RT 
_I_ 
R. (2) 

where 

F        - Focal length of tho grating 
HG 

R   , R9   = Gonstruction point-source distances 

l-i = Ratio of playback wavelength to construction wavelength 

m -   Order of diffraction 

Comparing Equation 2 with the formula for the power of a thin lens shows 

that the holographic grating is optically equivalent to a lens having radii of 

curvature R.  and R^ and a refractive index oi my.  + 1. 

»I'A "lens" in this context,  is to be understood in the sense of a curved 
mirror with power,  since only reflective gratings are considered. 
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DIFFHACTEO 
WAVEFRONTS 

a.   Linear 
grating 

FIRST       ZEHO 
ORDER    ORDE 

UNIFORMLY 
SPACED 
SCATTERING 
CENTERS 

INCIDENT 
WAVEFRONTS 

b.   Nonlinear 
grating 

NON- 
UNIFORMLY 
SPACED 
SCATTERING 
CENTERS 

INCIDENT 
WAVEFRONTS 

V 

: ■■A: X k !x )L ä 
A 

fc >■      '»ir.        irt,, mi* 1, 

UNCLASSIFIED 

Figure 4,    Formation of planar and converging wavefronts 
by a) linear and b) nonlinear gratings. 

3.    The optical powers of a holographic grating and its substrate 

are additive.    This property is expressed simply as 

P        = P        + P 
Tot        HG     ^S (3) 

where P„„ and Pc denote the powers of the grating and the substrate, 

respectively,  and P        is the combined power of both.    When m = 0,  ?„,-. i» 
HG 

zero according to Equation 2; hence, the zero'" order, when piesent, is 

affected only by the substrate power, P   ,  and therefore represents the 
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ordinary reflected beam.    This property is particularly useful for 

separating the main beam froni the diffracted beam in sampling applications. 

4. The diffracted beam from a 'perfect'1 holographic grating is a 

true phase replica of the incident wavefront. 

5, The zero—-order h^am from an HG is unaffected (i. e. , 

undistorted) by the presence of the grating. 

Property 4 is important in high-efficiency grating concepts which 

employ only one diffracted order (other than the zero"- order),  while 

Properties 4 and 5 are both relevant to the beam sampling concepts.    The 

term "perfect holographic grating," as used above,   refers to a hologram 

that is free of aberrations,   and is entirely analogous to the notion of a 

"perfect lens".    Although ideali/.ed,   it is a highly useful concept for analyz- 

ing the optical characteristics of holographic gratings. 

2.2   DESCRIPTION OF HOLOGRAPHIC GRATING CONCEPTS 

During the course of the study,   a number of concepts utilizing 

holographic gratings,   based  on the fundamental properties described in 

Section 2. 1,   were identified and analyzed in varying levels of detail.    These 

concepts ave introduced and discussed briefly in this  subsection,   while the 

detailed analyses are presented in Section 2. 3.    For convenience in 

presentation,  the low-efficiency and high-efficiency grating concepts are 

taken up separately.    This distinction is maintained throughout the report 

since it also provides a natural basis for assessing the fabrication issues, 

which differ significantly for low-  and high-efficiency holographic gratings 

(See Sections 3 and 4.) 
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1. Z. 1    Low-efficiency Grating Conctepts 

The designation "low-efficiency" is used herein a qualitative,   rather 

than a strictly quantitative sense to denote holographic gratings that have 

been designed for less than the maximum possible efficiency in a specified 

order of diffraction.    Such gratings ordinarily utilize the zero     order at 

high efficiency for the main HEL beam (typically greater than 99.+ percent) 

and the first or higher order(s) at relatively low efficiency (typically less 

than 0. 1 percent).    The precise value of the efficiency in a particular 

application depends upon a number of design considerations,  including the 

power level required in the low-efficiency beam.    Thus,  the efficiency of 

holographic grating used to sample a high-energy laser beam could be as 

small as 0.02 percent,   while a sampling grating for a low-power laser 

might require an efficiency of ZQ percent or more. 

Although several functional uses for low-efficiency holographic 

gratings can be envisioned,  only one basic crncept applicable to HEL sys- 

tems was identified —the holographic grating beam sampler.    Two types of 

sampling gratings were investigated in detail:   (1) A beam sampler on the 

primary mirror of an HEL telescope and (2) a beam sampler on a flat 

mirror oriented at 45 degrees to the incident beam.    The first of these was 

regarded as a highly promising candidate for achieving improved LOS and 

wavefront control in HEL systems and was therefore investigated exten- 

sively.    The 45-degree beam sampler,   on the other hand,  was selected for 

analysis principally to demonstrate the feasibility of designing and fabri- 

cating aberration-corrected gratings,   as described in Section 5. 

Primary Mirror Beam Sampler 

In this concept, a low-efficiency holographic grating is etched 

onto the primary mirror of a beam expander and is used to provide a 

low-power wavefront sample of the main beam.    Ideally,  according to 
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Fundamental Properties 4 and 5 (Section 2. 1.2),   the holographic 

sample accurately maps the phase and relative amplitude distributions of 

the main beam.    Therefore,  the sample can be used to record its instantane- 

ous wavefront profile.    (Deviations from this ideal situation in real systems 

are considered later. )   By making use of Properties 1 through 3,  the sample 

beam is optically separated from the main beam and brought to a focus at 

a convenient location where it can be measured by a suitable sensor. 

Three representative design configurations were illustrated in 

Figure 1,   in which the dashed lines indicate the paths of the sample beams. 

In the coaxial configuration (Figure la),  the focal points for both the main 

and sample beams lie on the telescope axis,   at different distances from the 

vertex of the primary mirror.    An off-axis telescope with a holographic 

grating beam sampler that focuses on the axis is shown in Figure lb,  while 

Figure 1c represents an on-axis telescope in which the grating focuses the 

sample beam at a convenient off-axis point.    These configurations are 

analyzed in Section 2.3. 

As suggested earlier,  the impetus for development of a primary 

mirror beam sampler stems from the need for improved LOS control and 

the emergence of adaptive optics technology for local-loop wavefront 

control of the outgoing HEL beam.    In both applications,  the full potential 

of the control system can be achieved only if the wavefront is sampled after 

the last component of the optical train,  i. e. ,   at the exit aperture.    This 

permits the control loop to correct for spurious wavefront tilts or deforma- 

tion caused by all phase distorting mechanisms up to and including those 

associated with the primary mirror.    Placing a holographic grating on the 

primary itself therefore represents the closest physically realizable 

appiotch to ideal sampling for local-loop control of an outgoing HEL beam. 

The two principal control applications of a primary mirror beam 

sampler are illustrated in Figure 5 for a co-axial system.    In this con- 

figuration,  a full-aperture wavefront sample of the main beam is diffracted 
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from a holographic grating on the primary through a hole in the secondary to 

an error sensor situated behind it.    As indicated by the two feedback loops 

in the figure« the holographic sample can be used, via appropriate servo 

subsystems,  for either (or both) LOS or wavefront control of the main beam. 

Beam steering control is accomplished by tilting one or more steer- 

ing mirrors in accordance with directional (i.e.  wavefront tilt) information 

obtained from the sample beam.    Wavefront control is effected in the other 

loop by means of a different error sensor plus a figure control unit,  and an 

active (deformable) mirror.    Phase errors measured by this sensor provide 

inputs to the figure control which generates ;he signals that drive the 

deformable mirror to correct the phase profile of the output beam. 

In each loop, the control system operates on the main beam in 

response to signals derived from the sample beam.    The viability of this 

approach therefore requires that the aberrations in the main beam be mapped 

directly and unambigously into the sample beam over the expected range of 

beam steering angles.    For a "perfect" hologram,  this property is assured 

by the wavefront theory of holography.    A real holographic grating,   on the 

other hand,  introduces additional aberrations of its own into the sample,  but 

not equally into the main beam. 

These spurious aberrations originating in the HG itself can be 

corrected in the grating design, but the correction can be made exact only 

if the geometry of the two beams and the distortions of the primary mirror 

are precisely specified and do not change with time.    Since the geometry 

will shift somewhat because ol beam steering and various unavoidable 

misalignments of the telescope and sensor elements,  some grating 

aberrations will remain.    To ensure that these residual aberrations 

do not become excessive,  a thorough optical design and tolerance analysis 

is required.    Similarly,  aberrations caused by primary mirror distortions 

can only be assessed by means of a detailed analysis.    Such an analysis 

was performed and is described in Section 2.3.2. 
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Beam Sampler on a 45-Degree Mirror 

An example of the second type of beam sampler investigated during 

the study is illustrated in Figure 6,    This beam sampler consists of a low- 

efficiency holographic grating on a flat mirror oriented at 45 degrees to a 

collimated laser beam,  as shown.    The grating is designed to focus the 

first-order sample beam to a point on the  normal to the center of the mirror, 

the zero     order being diffracted (reflected) at 45 degrees.    This configura- 

tion is representavive of a folding mirror such as those used to relay the 

laser beam from an HEL to the beam expander.    In this case,  the sample 

beam might be utilized for laser diagnostic purposes. 

Because it employs a flat substrate and an off-axis design,  the 

45-degree beam sampler involves design and fabrication considerations 

differing from those pertaining to the on-axis primary mirror beam sampler 

of Figure 4.    In particular,  aberrations in both the main and sample beams 

tend to be larger,  while the flat substrate is more easily coated with a 

30 CM 
,   /    ^ 

V 

/' 

t       ♦      t 

V 
OPTICAL CHARACTERISTICS | 

FOCAL LENGTH. CM 30 

• GRATING 
DIAMETER, CM 9 

F-NUMBER 33 

CONSTRUCTION 
WAVELENGTH. NM 441.6 

PLAYBACK 
WAVELENGTH,NM 339 

Figure 6.    Aberration-corrected 4b-degree 
beam sampler. 
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uniform layer of photoreBist than is a curved primary.    For these reasons, 

this configuration was selected to demonstrate the aberration-corrected 

grating design described in Sectior. 5. 

2.2.2   High-Efficiency Grating Concepts 

As in the case of the low-efficiency gratings described above,   "high 

efficiency" holographic gratings are defined in accordance with their usage, 

rather than by some arbitrary range of diffraction efficiencies.    The essen- 

tial defining characteristics of these gratings is that the zero     order is 

intentionally suppressed while the efficiency of one or more higher orders 

is maximized.    This distinguishes them from low-efficiency gratings which 

utilize the zero     order at hi^h efficiency along with one or more higher 

orders at relatively low efficiency. 

The foregc      ; definition of high-efficiency gratings encompasse? a 

wide range of efficic .cy values,   including the special (and idealized) case 

of 100 percent in a single order.    In practice,  these gratings \isually have 

efficiencies exceeding 10 percent in all orders of interest.    However,  the 

converse is not necessarily true,   i. e. ,   an efficiency greater than 10 per- 

cent does not necessarily signify a high-efficienc / grating.     This distinction 

is also important from the fabrication standpoint since achieving maximum 

efficiency requires relatively deep grooves with good control of the groove 

shape   and duty cycle; in comparison,   the requirements for producing low - 

efficiency gratings are much less critical,    (When efficiency uniformity is 

important,   some degree of groove shape control may still be necessary for 

low-efficiency gratings,  but the difficulties are significantly lessened 

because  of the shallower grooves required. ) 

The feasibility of designing and fabricating high-efficiency holo- 

graphic gratings was demonstrated in connection with Tasks III and IV of 

the study,  which are documented in Sections 3 and 4,   respectively.    The 

present section is concerned with three conceptual applications of such 
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gratings in HFL systems:   the holographic grating axicon,  the virtual mirror, 

and the holographic grating rhomb.    These concepts were illustrated in Fig- 

ure 2.    They are described briefly below and are analyzed in more detail 

in later subsections. 

Holographic Grating Axicon 

The holographic grating axicon (HGA),  shown in Figure 7,   is of 

interest as a potential high-power optical component in the resonator of 

a high-energy laser.    It consists of equally spaced concentric circles 

etched onto a flat substrate.    The diffracted beam ..om r>n HGA has 

properties very similar to those of a beam reflected or refracted from a 

conical optical element,  i.e. , from an axicon.    For example,  a matched 

pair of these gratings will split a collimated beam axially into an annular 

CIRCULAR 
GRATINGS 

PAIR OF HIGH EFFICIENCy CIRCULAR GRATING» CONVERT 

INCIDENT BEAM INTO ANNULAR BEAM (OR VICE VERSA! 

NOTE:  GRATINGS HAVE NO CRITICAL AREA ANALOGOUS 
TO APEX OF CONICAL MIRROR AND ENTIRE 
INCIDENT BEAM IS SPLIT INTO BOTH SIDES OF 
ANNULUS 

Figure 7.    Holographic grating axicon. 
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beam,  or conversely,  will convert an annular beam into a compacted or 

solid beam.    These two cases are illustrated in Figures 7 and 8c, 

respectively; a conventional axicon,   constructed from two axial cones,   is 

also shown for comparison in F^ure 8a. 

Holographic grating axicons offer several potentially  signifikant 

advantages over conventional axicons for use  as intra-cavity HEL compo- 

"nts.    First,   because the HGA can be fabricated on a flat substrate,   it 

ninates a major problem associated with the design of conventional 

high power axicons — that of proviiirg an adequate flow of coolant in the 

vicinity of tht tip.    In addition,   flat elements are generally easier and 

less costly to manufacture than conical elements of compa -able quality. 

Finally,  •'•'hen used in the cor"bining mode (Figure 8c),   the holog   - phic 

grating axicon produces a compacted beam containing a complete overlap 

of the annular beam,   whereas with a conventional axicon,   only limited 

mixing occurs,   the  result of diffractive coupling from the tip.    This 

property of the "mixing" HGA produces much greater communication 

among all parts of the annular beam,   leading,  potentially,   to improved 

mode control. 

As an intra-cavity device,  the holog rapni». gmKng axicon also 

suffers certain drawbacks,   including:    (1) wavelength dispersion (potentially 

troublesome for multi-wave'ength lasers),   (2) variation in diffraction 

efficiency as the groove orientation changes with respect to the polarization 

vector of the incident HEL beam,   and (3) the phase sensitive nature of the 

mixing HGA when used in the combining mode. 

Mixing holographic grating axicons are examined quantitatively in 

Section 2.3.    Another type of HGA,   called the "non-mixing" axicon is shown 

in Figure 8b.    Since this device is optically     ^uivalent to a conventional 

axicon,   it does not provide the desired mixing action and hence was not 

investigated in de.ail. 
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a.    Conventional axicon 

i 

b.   "Non-mixing" grating axicon 

c.   "Mixing" grating axicon 

Note:     I.     Mixing 
2. Beam size change 
3. Interference 

Figure 8. Types of axicons. 
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Virtual Mirror 

According to Fundamental Property 3 of Section 1. 1.2,  the optical 

powers of a nonlinear holographic grating and its substrate are addi- 

tive.    When a high-efficiency grating is used to concentrate the diffracted 

energy into the first (or higher) order,  the grating/substrate combination 

is called a "virtual mirror".    A case of particular interest consists of a 

high-efficiency holographic grating on a flat substrate,  the total optical 

power being provided by the grating.    A device of this type might serve,   for 

example,  as a virtual primary mirror.    This design would offer a potential 

cost savings to be realized by using a flat substrate in place of a large 

figured primary. 

Since the optical properties of a holographic grating depend primarily 

on the groove spacing and are independent or the grating efficiency,  the 

analysis of the primary mirror beam sampler also applies in large measure 

to the virtual mirror.    A key technical question relating to the viability of 

this concept is whether the requisite high efficiency can be achieved in 

useful geometrical configurations.    From the discussion in Section 2. 3. 3, 

the virtual mirror appears to be viable,  from an efficiency standpoint, 

in an off-axis configuration.    However the efficiency with on-axis designs 

is limited to about 40 percent because of the presence of strong multiple 

orders.    On the other hand,  off-axis systems have relatively large 

aberrations and are also highly dispersive. 

Holographic Grating Rhomb 

In high-energy laser systems,  a conventional plane grating 

is often placed in the path of the HEL beam where the beam diameter 

is small.    The grating may be used to perform one or both of two 

functions:   (1) obtaining a low-efficiency sample of the HEL beam,  and 

(2) permitting the aperture of the main HEL telescope optics to be shared 
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with infrared target radiation used for target-loop tracking and phase- 

conjugate adaptive optics systems.    However,  in systems employing multi- 

line lasers or a broad-band target return,  the high wavelength dispersion 

of the grating must be corrected before performing wavefront tilt and 

aberration measurements.    This angular dispersion may be corrected by 

using a grating rhomb,  but ;he angular dispersion at the first grating in 

conjunction with the separation between the two gratings results in a wave- 

length dependent aperture shear (or wander) on the second grating.    To 

correct both the angular dispersion and aperture shearing effects,  dual 

grating rhomb configurations may be used.    A typical example is shown in 

Figure 9.    Such configurations contain four gratings which are larger than 

the beam diameter and hence lead to large optical assemblies between the 

beam sampling (or aperture sharing) grating and the error sensing devices. 

In principle,  the size of the required optical assembly can be sub- 

stantially reduced by substituting holographic gratings for the linear gratings 

in the rhomb.    A tentative configuration for such a device was conceived 

during the study,   and preliminary investigation determined that it has suf- 

ficient potential to justify a more thorough optical analysis.    The holographic 

grating rhomb concept (which is proprietary) is described in Section 2.4. 3. 
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BACK-TO-BACK RHOMB 
CONFIGURATION:   FOUR 
LARGE GRATINGS, NO 
WANDER 

SAMPLE 
WAVE 

Figure 9.    Dual grating rhomb. 

2. 3   OPTICAL DESIGN ANALYSIS 

In this section,  the optical analyses performed under  Task I 

(Holographic Grating Conceptual Designs) and Task II (Analytical Investiga 

tions of Conceptual Designs) are described.    These investigations included 

one low-efficiency concept (holographic grating beam sampler) and three 

high-efficiency concepts (holographic grating axicon,  virtual mirror,  and 

HG rhomb).    A brief discussion of the major design issues precedes the 

detailed analyses. 
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2.3.1    Optical Design Issues 

Each holographic grating concept described in Section 2. 2 was 

examined analytically to determine the conditions under which it would be 

practicable in the appropriate  HEL system configuration.    For this purpose, 

the grating performance was evaluated principally in terms of the aberrations 

present in the diffracted beams,  computed for a representative range 

of design parameters.    The results were then utilized in various ways to 

assess the feasibility of each concept. 

For HG beam samplers,  the appropriate criterion of feasibility 

depends on whether the sample beam is to be used for wavefront control, 

LOS control,  or both.    For wavefront control,  the appropriate criterion is 

the degree to which the aberrations in the sample beam match those in the 

main beam.    The major design issue in this case is the correction of 

aberrations in the sample caused by the holographic grating itself. 

Depending on their nature and cause,  these aberrations may or may not have 

counterparts in the main beam.    There are three principal sources of 

aberration, which are discussed in Section 2. 3. 2: 

1. Aberration dependence on field angle 

2. Optical alignment errors 

3. Distortions of the holographic grating on the primary mirror 

In designs having a very small field of view,   such as the 45-degree 

beam sampler,  the aberrations in the HG itself can be fully corrected, 

and this was demonstrated under Task VI of the study.    However,  in 

applications such as beam sampling from the primary mirror,  the 

aberrations in the grating can change by a large amount over the field 

of view of interest (generally a few milliradians).    As will be shown in 

Section 2. 3, 2,  this can be overcome through integrated design of the holo- 

graphic grating together with other optical elements in the sample beam. 
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Aberration differences between the main and sample beams can also 

arise because of misalignments of optical elements relative to one another. 

Alignment tolerances have therefore been estimated; they indicate that, 

for purposes of wavefront control,   reasonable tolerances can be established 

for the correction of third and higher  order aberrations.    This is a valid 

conclusion since wavefront tilt (or LOS control) is independent of wavefront 

control,  and range (or focus) information is inherently independent of any 

local error-sensing systems. 

Lastly,  heating of the primary mirror caused by the typically non- 

uniform HEL beam intensity profile can cause non-linear distortions of the 

holographic grating,  which,  in turn,  give rise to wavefront differences 

between the main and sample beams.    Both surface warping and in-plane 

surface expansions which affect the local grating spacings are of interest. 

The effects of surface warping are dependent on the geometry. Analytical 

results show that there is an important class of systems in which the sample 

beam is diffracted in,  or close to,   the condition for retro-diffraction.    For 

this class,   surface warping of the mirror either before or after the grating 

is applied causes nearly equal aberrations in the main and sample beams. 

Hence,  correction of the sample wavefront is commensurate with correc- 

tion of the main beam,  as required for wavefront control.    This is an 

important conclusion because it implies that wavefront errors caused by 

surface warping in all elements up to and including the primary mirror 

itself can be corrected by correcting the sample beam.    However, this 

advantage does not accrue to highly asymmetric systems in which the mag- 

nitude of the angle of diffraction is considerably different from the angle 

of reflection (or incidence). 

For LOS control, a very different situation exists. Here, the basic 

requirement is that the centroid, or average direction, of the sample beam 

must coincide with the direction of the outgoing main beam to within a 
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microradian or less for all beam steering angles (i.e.,  throughout the 

field of view).    Two basic problems are then immediately apparent in the 

beam sampling concept as depicted in Figure 5, Section 2. Z,    First,  there 

is an afocal magnification ratio between the main and sample beams, which 

implies the absence of a one-to-one correspondence between the two beams 

as a function of the beam steering angle.    Second, a small decentration 

of the error sensing optics relative to the primary mirror causes a tilt 

error in the sample beam which is not present in the main beam, as shown 

in Figure 10.    The magnitude  of this error,   referred to target (i.e.,  main 

beam) space,  is the decentration divided by the hologram focal length. 

Thus, a I - |jim decentration error in a system having a 1-meter hologram 

focal length causes a l-jirad angular error.    This exceedingly tight positional 

requirement cannot be tolerated for LOS control,  particularly in view of 

the high vibration environment in which the HEL systems of interest must 

generally operate,    Solutiors to the foregoing two issues involve questions 

of systems implementation rather than properties of the holographic grating 

itself.    Several approaches to solving these problems were investigated 

and are discussed in Section 2. 1 of Volume II, following the main proprietary 

concept for LOS control.   In other respects, the design issues and effects 

of HG distortions tend to be less critical than those for wavefront control 

since only tilt information is needed for LOS control. 

SAMPLE 
BEAM FOCUS 

ANGULAR 
ERROR 

BEAM EXPANDER 

OPTICAL AXIS 

OPTICAL AXIS 
OF DECENTERED 
ERROR SENSOR 

9   ERROR SENSOR JITTER RELATIVE TO PRIMARY MIRROR CAUSES FALSE JITTER SIGNAL 

-1   ^m TOLERANCE LEVEL 

•   JITTER Of ALL OTHER ELEMENTS APPEARS IN BOTH MAIN AND SAMPLE BEAM ACCOROINO 
TO MAGNIFICATION RATIO 

Figure 10.    Principal sources of error for beam steering control. 
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In the case of the holographic grating axicon,   the aberrations in the 

diffracted beams were computed as a function of the tilts and mutual decen- 

tration of the two holographic elements.    These results were then used to 

assess the sensitivity of the axicon to such misalignments.    An issue of 

special importance for the mixing HGA was to evaluate the effects of 

combining two coherent,  possibly aberrated wavefronts into a single 

compacted beam.    This issue was analyzed by means of the wavefront 

theory of holography,  which showed that small errors in the incident 

wavefronts  result in an intensity mapping of the aberrations,  caused by 
coherent interference.    Another holographic grating axicon issue con- 

cerned the question of limiting the possible number of diffracted orders 

to aid in achieving high efficiency; this was found to be feasible through 

appropriate design of the grating period. 

For the holographic grating rhomb,  the major design issues involve 

correction of aberrations,  alignment sensitivity,  and wavelength dispersion 

for multi-line lasers.    These questions were not investigated in detail, 

however. 

2.3.2   Primary Mirror Beam Sampler 

The analyses that were performed to resolve the issues pertaining 

to beam sampling from the primary mirror for wavefront control are dis- 

cussed in this section.    As noted in Section 2. 3, 1,  these issues are:   (1) 

aberration differences between the main and sample beams resulting from 

field-of-view requirements,   (2) element misalignments  (tolerances),  and 

(3) primary mirror distortions.    The magnitudes of the aberrations and 

tolerances depend on the primary mirror f/number,  beam steering angle, 

beam expander afocal magnification,  and telescope type.    A general tradeoff 

range for these parameters was established early in the program and is 

shown in Table 1, with the added assumption that the beam expander is 

designed to have no spherical aberration.    This means that the primary 

mirror conic constant is an additional variable,  the secondary mirror alway« 
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TABLE i.    HOLOGRAPHIC BEAM SAMPLING TRADE-OFF RANGES 

Parameter Values 

Primary Mirror f/Number 

Beam Steering Angle,  mrad 

Beam Expander Magnification 

Outgoing Beam Diameter,  m 

Holographic Grating Con- 
struction Wavelength,    jjim 

Main Beam Wavelength,  |jim 

Telescope Types 

0.8 to 4 

0. 5 to 4 

5 and 10 

1.0 

0.4416 

3.8 

Elliptical Primary 
Spherical Secondary 
Two Cofocal Parabolas 

being figured for perfect on-axis imagery in tha outgoing wavefront,»■'   For 

a nominal starting point, the outgoing beam was assumed to be one meter 

in diameter and the laser wavelength 3.8\xmt yielding a diffraction-limited 

beam expander performance of slightly less than 10 ^rad.    The construction 

wavelength for the holographic grating lies in the blue region of the spectrum 

and is therefore suitable for exposing photoresist. 

The optical configurations investigated fall into the following three 

categories:   (1) on-axis systems,   (2) off-axis systems with axi-symmetric 

beam sampling, and (3) systems with asymmetric beam sampling (see 

Figure  1).     Most of  the optical design work was performed for on-axia 

systems,  v hich are probably the most applicable to HEL systems,  being 

the least complex and least sensitive to alignment errors.    Off-axis, axi- 

symmetric beam sampling systems are essentially an extension of the 

on-axis case to low parent f/number systems used with a decentered aperture 

stop.    Asymmetric systems present a difficult and lengthy optical design 

problem that was addressed only to the extent necessary to gain an 

-The conic constant is a parameter related to the eccentricity, it has 
a different value for each of the conic sections (sphere, paraboloid, etc.) 
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understanding of the problems involved and the relative magnitude of the 

tolerances that must be held. 

Optical Design of On-Axis Systems 

The following discussions cover (1) the aberrations present in the 

holographic grating itself,   (2) correction of these aberrations by integrated 

design of the HG and error sensing optics,  and (3) alignment tolerances 

for wavefront control. 

Aberrations in the Holographic Grating.    The first stage in the 

optical design of on-axis jystems is to investigate the aberrations of 

the holographic grating itself,  assuming that the sample beam is brought 

to a tocus in the vicinity of the secondary mirror.    The HG can always bo 

designed to have no spherical aberrations.    One way to accomplish this is to 

assume identical construction and playback optics.    However, this condition 

cannot be realized in practice because of the wavelength difference between 

construction and playback,  and also because both construction beams must 

lie on the same side of the mirror.    The desired HG focal length,  FTJ,  can be 

obtained provided the distances R, and R_,  of the construction point sources 

from the grating satisfy the equation: 

H iR, R, 

where  H- is the ratio of the HG playback to construction wavelengths (refer 

to Figure 11). 

The relation between R. and R? for a 1-meter aperture,  f/1 

parabolic primary,   is  shown in the lower curve of Figure 12.    The 

spherical aberration in the sample beam is also a function of R.   and 

R^,  but the third order aberration goes through a zero which presents 

a natural design starting point.    However,   it is not possible for both 
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PRIMARY 
MIRROR 

POINT 
SOURCE» 

HYPERBOLIC 
MIRROR v y ASPHERIC 

CORRECTOR 

POINT 
SOURCE 

• ASPHERIC ELEMENT CORRECTS RESIDUAL SPHERICAL ABERRATION 

Figure 11.    Hologram constraction point source locations. 
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• SPHERICAL HOE CONSTRUCTION WAVEFRONTS 
• SPHERICAL SECONDARY WIRROR 

Figure 12.    Construction conjugates and 
spherical aberration in the sample beam. 
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third and higher order spherical aberration terms to be zero sic-.ultaneously 
for any one prar of construction optics conjugates; hence,   there is always 

some residual spherical aberration at the starting point of a holographic 

grating design.    For an f/l primary mirror,  this on-axis aberration 

amounts to about 0. 5 mrad.    (Figure 13).    As the f/number is 

increased,  the residual aberration decreases rapidly,   since the third 

and fifth order spherical aberration terms depend on the third and fifth 

powers of the aperture,   respectively.    This spherical aberration is 

readily corrected by introducing compensating aberrations into one     r 

both of the HG construction wavefronts,   using an aspheric corrector as 

illustrated in Figure 11. 

Next, assuming an HG designed to have no spherical „^errai'ion, it 

is of interest to investigate the aberrations off the axis.    The most dominant 

aberration by far is coma, which is a strong function of the shape of the 

primary mirror (i.e.,  spherical, parabolic, elliptical. 

SPHERICAL 
ABEHRATION, MRAD 

A 

*• PUPIL COORDINATE, MM 

• F/1 PRIMARY MIRROR 
• CAN CORRECT AbERRATlON BY ABERRATING 

CONSTRUCTION WAVEFRONTS 

Figure 13.    Residual spherical aberration at design point. 
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etc. ).    The coma in the sample beam is shown in Figure 14 for a beam 

expander comprised of (a) two cofocal parabolas, and (b) a spherical primary 

mirror plus a secondary mirro^ figured for no spherical aberration Lt the 

main beam.    There is much less coma in the sample beam with a spherical 

primary than is present with a parabolic primary.    However,  the reverse 

situation exists in the main beam,  for which two cofocal parabolas are free 

of the third-order aberrations coma and astigmatism. 

An equal amount of coma in both beams is desirable,  so that the 

aberrations match and wavefront errors can be aensed unambiguously in 

the sample beam for £.11 beam steering angles.    The possibility of matching 

the coma in both beams by judicious choice of the primary mirror conic 

constant was therefore investigated.    The results,   shown in Figure 15, 

established that such a compromise does not exist:   there is an approxi- 

mately equal difference between the comae in the two beams for all primary 

mirror conic constants.    Such a large aberration difference between the two 

beams is unacceptable from the point of view of wavefront control as the 
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1      1       \ ANGLE. MRAO 
a 
|   0.3 
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8    02 
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0 ,               /^-T^ ' 
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12             3             4 12              3             4 

PRIMARY F/NO. PRIMARY F/NO. 

a.    Two co-focal parabolas b. Spherical primary 

Figure 14.    Coma in sample beam as a function of primary 
f/number and beam steering angle. 
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ANGULAR COMA, MRAD 

MAIN 
BEAM 

PRIMARY CONKT. 
CONSTANT 

•    4MRAD BEAM STEERING ANGLE 

Firure 15.    Variatirn of coma with primary mirror conic constant. 

beam is steered.    The aberration can only be corrected by integrated 

design of both the holographic optics and <.he error sensor optics. 

Integrated Optical Design.    Having estiblished that the aberrations 

in the 'lolographic grating are significantly different from those in the main 

beam,  it was necessary to show that these aberrations can be balanced by 

proper design of the optics Jetween the HG and the error sensor.    For this 

stage of the design,  it was assumed that the wavefront error sensor (which 

may,  for example,  be a shearing interferometer or a Hartman arrangement) 

is perfect,   since the relevant issue is to provide the proper input to the 

error sensor,  and not to design the error sensor itself.    There were thus 

two requirements to be  met.    First,  the rherrations in the sample beam 

must represent the aberrations in the main beam for all beam steerii 

angles.    Second,  the exit pupil for the optics traversed by the sample 

beam must be accessible to the error sensor,  so that no aperture wander 

can occur as a function of the beam steering ang'.e on the sub-aperture 
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array of the wavefront error sensor.    There are many possible optical 

arrangements for accomplishing this,   some of whicn depend on a specific 

error sensor configuration.    For purposes of the Holographic Grating Study, 

two of these concepts were pursued.    Although the results are based on 

a telescope design of two co-focal parabolas (this design being essen- 

tially aberration-free for the main beam), the feasibility of modifying the 

designs for other telescopes (Dal Kirkham,  etc. ) was also established. 

The two concepts investigated are shown in Figure 16.    In the 

unfolded concept,  the sample beam from the holographic grating is focused 

in the vicinity of the secondary mirror and is subsequently collimated by 

a two-mirror telescope.    This telescope also images the primary mirror 

(which is the effective aperture stop) at a location which is accessible for 

HYPbRBOLIC 
MIRRORx 

INTERMEDIATE 
FOLDING MIRROR 
AT STOP 

HYPERBOLIC 
MIRROR 

SAMPLE 
BEAM FROM 
PRIMARY 

FOLDING MIRROR 

i SECONDARY 
I MIRROR 

IMAGE OF PRIMARY        SECONDARY 
MIRROR AND STOP MIRROR 

HYPERBOLIC 
COLLIMATING 
MIRROR 

SAMPLE 
BEAM FROM 
PRIMARY 

SCHMIO' 
PLATE 

a.    Unfolded concept, b.    Folded concept. 

Figure 16.    Two integrated design concepts. 
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mounting an error sensor.    This sensor might consist of a Hartman array 

or a mirror that is servo-controlled to subsequently direct the sample 

beam in the same direction for all beam steering angles.    In the folded 

concept (Figure 16b),   the sample beam passing through a hole in the 

secondary mirror is collimated by a single mirror.    The primary mirror 

(stop) is imaged on the intermediate folding mirroi,  which is servo con- 

trolled so that the collimated sample beam does not wander on the error 

sensor aperture array,   as a function of the beam steering angle. 

The design criterion for the aberrations  jan be achieved in the 

following ways.    For each concept the residual spherical aberration (Fig- 

ure 13) in the holographic grating can be corrected by a Schmidt plate, 

either in the playback optics (Figure 16b) or in the hologram construction 

optics (Figure H).    The field curvature can be corrected by varying the 

curvature of the mirrors in the error sensor optics.    In the folded concept, 

however,  there is only one mirror with power so that field curvature 

cannot be corrected without defocusing the beam.    For both concepts,  the 

coma is corrected by varying the conic constants on the mirrors in the 

error sensor optics. 

The performance of five designs is summarized in Table 2.    The 

designs are variations of the two concepts discussed above,  depending on 

the mechanism used for correction of spherical aberration.    Spherical 

aberration and coma are well corrected in all cases.    The residual aberra- 

tion in the folded design concepts is the peak error at th6 edge of the 

6-mrad beam steering field-of-view for which they were designed.    These 

residuals are at a level where they can readily be calibrated out as a 

function of the beam steering angle,  assuming an appropriate wavefront 

correction algorhhm is available.    In the unfolded concept,  the residual 

astigmatism, and field curvature can also be corrected because of the 
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TABLE 2.    PERFORMANCE FOR A TYPICAL LINEAR 
OBSCURATION LESS THAN 40 PERCENT 

Spherical 
Aberration 

Concept      Correction 

Folded       Hologram 

Sample 
Beani 

Diameter, 
cm 

Unfolded    Hologram 

10.6 

Folded Schmidt, 
Plate 

)0. 6 

Unfolded Hologram 10.6 

Unfolded First mirror 
in error 
sensor 

10.6 

17 

Exit Pupil      Aberration with ±3 mr 
Location, Beam Steering 

cm f/No.   = 2 

20 Field curvature 8 ^r?;d 
Astigmatism 2, 2  ^rad 

20 Field curvature 8 jirad 
Astigmatism 2. 2  |irad 

25 No significant 
aberrations 

25 Large,  limited to 
approximately ±1 
(irad beam steering 

75 Can be made perfect. 
1   ^rad residuals 

additional degrees of freedom available in the two-mirror collimating 

optics.    The last design employs a different afocal magnification (6X as 

opposed to 10X) and the exit pupil is located far from the secondary 

mirror.    This represents  an attempt to design a system in which the 

sample beam could be folded so that the error sensor could be located 

to the side of the telescope,  rather than behind the secondary mirror. 

The foregoing designs demonstratf that the holographic grating can 

be designed in conjunction with the error sensing optics to ensure that 

aberrations in the sample beam match those in the main beam over a large 

range of beam steering angles.    Once this point had been reached in the 
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program,  the optical design was not carried further because to do so 

meaningfully would require a specific system and optical configuration. 

Alignment Tolerances for Wavefront Control.    The unfolded 

concept was investigated to determine alignment tolerances in the 

position of the error sensing optics relative to the primary mirror.    This 

is an important task because in a practical system,  the high vibrational 

environment makes these tolerances the most difficult to hold.    The 

error sensing optics are relatively compact, and errors caused by 

static misalignments can be largely accommodated by calibrating the 

error sensor. 

The dominant aberration produced by the misalignment of the 

error sensing optics is coma.    As a crude tolerance criterion,  the 

amount of misalignment producing a maximum angular error of 10 [j rad 

referred to target space was computed.    Since this corresponds to the 

extremes of a coma flare,  it is roughly equivalent to maintaining a 

diffraction-limited system for a 1-meter aperture and the 3.8-|Jim wave- 

length assumed for the analysis.    Results of the tolerancing are shown 

in Figures 17 and 18 which show the allowable tolerance as a function of 

the primary mirror f/number.    For practical purposes,  the allowable 

tolerance can be scaled linearly with the angular requirement.    It is 

clear that decentration in the regime of tens of microns,  and tilts in 

the regime of 0. 5 to 2 .nrad must be maintained for fairly fast optical 

systems.    Although ttu "-e tolerances are not loose,  neither are they 

considered too stringent to be held in a practical system. 

Tolerances on the alignment of other elements in the system were 

also investigated, but found to be less stringent than those given above for the 

error sensor relative to the primary mirror. 

In laser applications the beam is generally not collimated (focused 

at infinity) but is focused instead at a finite distance.    Variations in the 

focal distance can be accomplished by changing the distance between 
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Figure 17.   The maximum decentration of the 
primary which can be allowed while maintaining a 
diffractioA-Umited .-stem (10 ^ad) ver8U8 f/number. 

n* 

Figure 18.    The maximum tilt of the error 
sensing optics which can be allowed while 
maintaining a diffraction-limited system 
(10 [xrad degradation). 
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the secondary and primary of the beam expander.    In this study the beam 

sampler was designed to be aberration-free for a collimated beam.    The 

effects of range variations on the sample beam were therefore investigated. 

The result of this investigation was that the angular errors in the sample 

beam are the same as those of the main beam scaled by the magnification, 

and optical path differences in both beams are the same.    Two important 

implications of this are evident;   (I) wavefront error sensing can be per- 

formed unambiguously regardless of range, and (2) range variation can,  in 

principal,  be accomplished by programmed control of the sample beam, 

though this may not necessarily be the best alternative from the point of 

view of HEl. systems implementation. 

Off-Axis Systems with Axi-Symmetric Sampling 

Off-axis systems with axi-symmetric beam sampling, as in Figure 19, 

are extensions of the on-axis systems discussed above.    They essentially 

OPTICAL 
AXIS 

Figure 19.    Off-axis system 
with axi-symmetric beam 
sampling. 
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involve extracting an off-axis portion of the on-axis system and scaling 

the desired dimensions to restore the original one-meter aperture.    How- 

ever,  to maintain the same primary-to-secondary mirror separation as 

well,  the parent f/number of the primary mirror must be decreased by a 

factor of about 2. 5.    For an f/2 system,  the parent primary f/number 

therefore becomes 0.76.    As a consequence,  the amount of aberration 

correction required increases dramatically, and the tolerances that must 

be held are more stringent by about a factor of three,  as shown in 

Figures 17 and 18. 

An example of the typical'aberrations observed in these systems is 

shown in Figure 20.    These aberrations are mainly higher order spherical. 

(The very large peak at the aperture edge is caused by the rapid increase 

of high-order spherical aberration with aperture. )   Such aberrations 

can be corrected readily by the use of high-order aspheric coefficients in 
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Figure 20,    The on-axis aberrations of the parent telescope. 
The section to be used for the off-axis system is indicated. 
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the hologram construction optics; however,   Figure 20 indicates that up to 

11th order correction is required.    In view of this and the tight tolerance 

constraintsi  only overriding systems requirements would justify an off-axis 

system in preference to the on-axis designs discussed previously.    Having 

established the relative complexity of off-axis systems,  no further design 

work was pursued.    Nevertheless,  there is no question that computer designs 

of these systems can be generated with well-corrected aberrations over a 

significant range of beam steering angles. 

On-Axis Systems with Asymmetric Sampling 

This concept involves constructing the holographic grating to focus 

the sample beam off-axis while the main telescope is an on-axis system as 

in Figure 21,    An illustrative construction geometry for the concept is 

shown in Figure 22.   In constructing the holographic grating with spherical 

wavefronts, there is a family of construction optics configurations for which 

SAMPUE BEAM 

Figure 21.    On-axis system with off-axis 
beam sampling. 
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POINT 
SOURCE 

Figure 22.    Hologram construction point source locations. 

a) R, and R- can be selected to give the desired focal length, and b) a and 

ß can be selected to give the desired off-axis angle,   6., according to the 

grating equation.    From this family of systems,  it is desirable to select 

pairs of the parameters (R,,  R,) and (o,ß) that minimize the aberrations 

in the holographic gratings.   With this as a starting point,  the aberrations 

in the HG can then be further reduced by introducing appropriate aberrations 

into the two hologram construction wavefronts.    Finally, the correction of 

aberrations throughout the field of view requires an integrated design of 

the HG and error sensing optics together. 

To assess the complexity of the design task,  the aberrations in 

the holographic grating were investigated for a beam expander with 

an f/2 primary mirror and an HG focal length of 1770 mm.    Because 

the sample beam optical system is no longer rotatlonally symmetric, 

asymmetrical aberrations arise for the central field point.    The dominant 

aberrations are coma in the plane of asymmetry,  spherical aberration in 

both planes, astigmatism, and a skew aberration (DY) which arises far fans 
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of rays traced out of the plane of aeymmetry.    These aberrations in the 

sample beam at the focus of the holographic element are shown in Figure 23 

as a function of the angle a and the construction optics conjugate distance 

R, (see Figure ZZ).    To convert the aberrations into angles, divide the 

linear aberration by the HG focal length,  f = 1770 mm.    There is no single 

pair of values of R. and a for which all the aberrations are zero.    How- 

ever, the aberrations in the plane of asymmetry go through a minimum 

around-R.  =3373 mm and a =8.75 degrees.    Since there is no equivalent 

position in the plane of symmetry, this presents itself as a natural starting 

point for an integrated design.    Aberrations in the plane of symmetry can 

be minimized by introducing into the construction beams cylindrical lenses 

having optical power in the x-direction.    This has the effect of changing the 

conjugates (R. and R,) in the plane of symmetry while preserving a ,  ß and 

the original conjugates in the y-z plane.    The resulting construction optics 

are shown in Figure 24,    The remaining aberrations at the central field 

point for an f/2 primary are shown in Figure 25. 

At this stage, it is clear that significant aberrations are still present 

even at the central field point.    To go further is a lengthy, complex optical 

design task involving other elements to aberrate the hologram construction 

beams and design  together with some form of error sensing optics.    How- 

ever, the tolerance sensitivity of the concept to alignment errors of the 

error sensing optics with respect to the HG can also be assessed by computing 

the variation in the aberrations with field angle.    The field aberrations 

shown in Figure 25 assume that the HG is so constructed that no aberration 

is present at the central field point.    Since the beam steering angle is 

directly proportional to the image height in the HG focal surface, these 

curves can be used to estimate a decentration tolerance for the error sensing 

optics relative to the primary mirror.    The results,  shown in Figure 26, 

indicate that for decentration in the plane of symmetry, the tolerance is 

similar to that for on-axis systems.    However, the tolerances are approxi- 

mately three times tighter for a decentration in the plane of asymmetry. 
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Figure 25.    The resultant on axis aberrations at the focal point 
of the hologram.    The HOE focal length is 1770 mm. 
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The aberrations to be corrected In an auymiriptric beam sampling 

geometry have been shown to be large.    With sufficient design effort,  they 

can be corrected for at least a small range of beam steering angles. 

However,  the design task is considerably more complex and correspondingly 

longer than for on-axis sampling.    In addition,  this approach has little advantage 

over the axisymmetric case; the sample beam is more conveniently located (or 

packaging, but the design appror.;h is more sensitive to misalignments and 

has other'undesirable characteristics such as non-rotationally-symmetric 

distortions.    The first order of distortion is rectangular (or anamorphic) 

and produces different values of magnification for the same field of view 

in each of the two perpendicular directions.    For the intermediate image 

formed by ihe hologram this distortion is approximately 4 percent.    This 

is not a negligible value for precision LOS control and would have a 

significant effect when such a system is used for beam steering.    This 

effect will not be easy to eliminate in the integrated design of the error 

sensor optics. 

2. 3. 3   Wavefront Errors Due to Surface  Distortions 

The effects of primary mirror distortions introduced a) preceding 

construction of the hologram, and b) following construction of the hologram, 

were investigated.    In each case, both in-plane and out-of-plane distortions 

were studied.    The results show that out-of-plane distortions (surface 

warping) affect both the main beam and the sample beam, and that the 

difference between the aberrations in the two beams can be very  small 

so that correction of the sample beam is then commensurate with correction 

of the main beam.    In-plane grating distortions, however, affect only the 

sample beam.    Simulations performed for the Holographic Grating Study 

and another program indicate that the residual aberrations due to in-plane 

grating distortions are acceptably low for wavefront control. 

The fact that out-of-plane distortions affect the main and sample 

beams to «in almost equal degree in favorable geometries is an unexpected 

result which has far-reaching implications.    The geometries of interest 

are those in which the sample beam is retro-diffracted, or nearly so 

(i.e. ,  the diffracted beam returns along the optical path of the incident 
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bearrO.    Systems that employ on-axis beam sampling from ihe primary 

mirror constitute an important class of design configurations in which the 

sample beam geometry is close to the condition of retro-diffraction.    The 

practical significance of these systems is that correction of the sample 

beam by means of adaptive optics corrects for all errors in the HEL beam 

up to and including out-ol-plane distortions on the primary mirror.    A 

corollary to this is that the orm ary mirror need not be of high optical 

quality, provided that an ideal HG can be fabricated on it (see Figure 27). 

Thus,  correction of errors in the sample beam arising from errors 

in the primary mirror figure' results in correction of the corresponding 

errors in the niain beam.    This conclasion suggests that significant 

potential exists for reducing the time and expense of fabricating large 

primary mirrors for HEL applications. 

The extent to whicn out-of-plane distortions can be corrected 

depends on the holographic grating geometry,  and is discussed below on 

a first-order analytical basis.    This is followed by the results of a 

detailed computer modeling of playback .vith the primary mirror deformed 

PRIMARY DIHROR WITH 
POOR OPTICAL FIGURE 

PRIMARY MIRROR 
WITH POOR OPTICAL        + 
FIGURE 

IDEAL 
HOLOGRAPHIC 
GRATING 

'j~> 

POOR SYSTEM 
PERFORMANCE 

GOOD SYSTEM 
PERFORMANCE 

MAIN BEAM 

ABERRATED 
VVAVEFRONT 

MAIN BEAM 

ABERRATION- 
FREE 
WAVEFRONT 

Figure 27.   In certain classes of systema,  good optical 
performance can be obtained with a poor primary 
mirror figure by correcting the sample wavefront 
obtained via an ideal HG on the primary. 
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a) before and b) after making the hologram.    The detailed modeling 

recutres the capability of tracing rays through a deformed holographic 

element.    The technique used was developed at Hughes on company funds 

and is not detailed in this report.    This technique is entirely different 

from and more precise than that indicated in the first-order analysis 

given below.    However, the results obtained from the detailed model 

agree with the first-order predictions to a high degree of precision, 

lending credence to the statements made above.    The technique used for 

ray tracing and computing OPDs through distorted holograms assumes that 

the coordinates (x,,  y ,,  z ,) of a point on the distorted hologram are 

mathematically related to the coordinates (x   ,  y  ,  z   ) of a point on the u      u      u c 

undistorted hologram through the relationships 

x    + Ax (x   , y  ) u   ' u 

=   y    +Ay (x   , y  ) u    u 

z    + A z (x  , v  ) 
u u  'u 

The functions that are available for defining the distortion parameters 

Ax, Ay, and Az are a 48-term Zernike polynomial, which contains both 

symmetric and asymmetric terms, a 24-term R   polynomial, and an 

asymmetric Gaussian term.    Note that the hologram is not considered to 

be distorted unless the surfa   j has undergone a change in shape or size 

between hologram exposure and playback.    This distortion may be due to 

changes in temperature,  laser beam heating effects, or processing defects 

such as a non-uniform thickness of photoresist.    The consequence of the 

latter effect is addressed at the end of this sub-section. 

First-Order Effect« of Out-of-Plane Distortion 

The OPD error introduced by an out-of-plane distortion such as a 

bump of height h on the surface io readily seen by examining the projections 

o.' the bump in the directions of incidence and diffraction.    Incident and 

diffracted wavefronts to be used for reference in OPD calculations are 

shown in Figure 28.    Point A is directly above point C so that the phase 
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Figure 28.    OPD error caused by out-of-plane distortion. 

contribution due to the point of incidence on a given grating groove is 

the same for both A and C      The OPD error for ray 1,  produced by the 

bump,  and measured relative to ray 2 (diffracted from the undistorted 

grating),  is thus: 

OPD    =   BC + CD 

=   h (cost})   + cos 4> _) 

This is simply the sum of the projections of the bump in the 

directions of incidence and diffraction,   respectively.    The following 

relations apply to reflection and retro-diffraction: 

Reflection: 

Retro-diffraction: 

OPD   =   2h cos 4^ (tl = 4>2) 

OPD   =   2h cos 4» j ((frj = -4>2) 

This result leads naturally to the conclusion that, in the condition 

of retro-diffraction, out-of-plane distortions are mapped equally into 
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both the sample and main beams,  as desired.    Departure from this 

condition leads to a wavefront error difference between the main and 

sample beams which is determined by the magnitude of h(cos ^   -  cos ^3). 

The error is small in on-axis beam-sampling systems where the sample 

beam is close to the condition of retro-diffraction.    However,  the error 

may become quite large in highly asymmetric systems such as on-axis 

telescopes with off-axis beam sampling. 

A somewhat different line of argument must be used to understand 

the conditions under which a sample beam from an ideal HG fabricated 

on a poor quality mirror can be used to improve the quality of the main 

beam.    In this case,  special care is required to ensure that the grating 

grooves are placed in precisely the correct positions on the surface. 

The grating groove positions are determined by the interference fringes 

produced by the two construction wavefronts.    In three-space,  these 

fringes bisect the angles of incidence between the two construction 

wavefronts.    When the two construction beams are incident at equal but 

opposite angles from the normal,  the local fringe planes are perpendicular 

to the surface so that an out-of-plane surface error does not affect the 

location of the fringe  on the surface (Figure 29).    Conversely,   if the 

fringe planes are oblique to the surface,  an out-of-plane distortion gives 

rise to an error in the fringe location.    Hence,  it is desirable to work with 

construction geometries in which the fringe  planes are approximately 

normal to the surface.    This condition is a general feature of on-axis 

beam sampling systems and makes it possible to achieve a high degree 

of correction to compensate for primary mirror distortions in such 

systems.    However,  this condition is not necessarily true for highly 

asymmetric geometries, in which only a relatively small improvement is 

generally possible. 

Computer Modeling with Deformed Construction 

The aberrations in the main and sample beams have been modeled 

in computer simulations assuming that the primary mirror has been 

deformed before fabricatir^ the hologram.    The case modeled pertains 

to an f/1,   1-meter diameter parabolic mirror used in an on-axis 
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Figure 29.    Effect of out-of-plane distortLon prior 
to hologram fabrication. 
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configuration with on-axis beam sampling.    The same deformation of the 

primary mirror is assumed to be ^»-esent on playback,  this being the case 

of a poor quality primary mirror.    In general,  the mirror figure error 

can have any form.    However,  for simplicify,  the following Gaussian 

deformation was assumed: 

Az   =    l.i5 x I0'7p 2 exp{-4 x 10'6 P2) 

=   mirror radial coordinate. 

The deformation shown in Figure 30 is more than 15 \xm.    Without 

correction of the sample beam,  the aberrations in the main beam exceed 

70 ixrad and are virtually identical to the aberrations in the sample beam, 

taking into account the afocal magnification,  M, between the outgoing 

beam and the wave front error sensor.    In this example, the sample 

beam is collimated by the error sensing optics, with a magnification of 

about 5,6.    After correcting the sample beam,  the residual error is 

equal to the difference between the aberration in the sample beam, 

divided by M, and the aberration in the main beam.    As shown in 

Figure 30,  this residual has a maximum value of about 0. 5  )Jirad. 

This result demonstrates that the permissable tolerance in the 

primary mirror figure can be considerably relaxed if wavefront error 

sensing and correction are conducted in the manner described.    The result  also 

verifies the fir»t-order theory discussed earlier, and shows that the 

relaxation in the tolerances can,  in favorable geometries,  be as large as 

two orders of magnitude (e.g. , a 70 y.ra.d error is reduced to 0. 5  jirad). 
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• ABERRATIONS DUE TO DISTORTIONS ON THE PRIMARY MIRROR 
DURING HOLOGRAM CONSTRUCTION ARE SIGNIFICANTLY 
REDUCED BY CORRECTING THE SAMPLE WAVEFRONT 
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Figure 30.    Playback with deformed construction. 

Computer Modeling with Deformation on Playback 

Outgoing-beam aberrations due to distortions introduced after con- 

struction of the hologram can be reduced to some extent, but not entirely 

eliminated, by correcting the sample beam.    A limit exists to the distortions 

that can be tolerated.    The distortion is modeled as follows: 

Az    =    1.25 x  10"7p2 exp (-4 x 10'6p 2) 

Ax    =    1.0 x 10"4 x exp (-4 x 10     p?') 

Ay   =    1.0 x 10"4 y exp (-4 x 10     p2) 

The residual aberrations in the outgoing beam, after wavefront correction 

of the sample beam,  are as shown in Figure 31.    The aberrations depend 

on both the magnitude and slope of the surface deformation.    The contribu- 

tion due to out-of-plane distortion is small since the aberrations appear 
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• THERC 18 A LIMIT TO THE DISTORTIONS THAT CAN BE 
TOLERATED AFTER HOLOGRAM CONSTRUCTION 
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LARGER SINCE THERE IS NO COMPENSATING ABERRATION 
IN THE OUTGOING BEAM 

Figure 31.    Deformed primary on playback, 

in both beams and a favorable cn-axis geometry was assumed.    The residual 

aberrations due to the in-plane distortion are larger since there is no 

corresponding aberration in the outgoing beam.    The in-plane and out-of- 

plane distortions can be considered independently and the resulting aberrations 

added together. 

A second type of distortion considered was a curvature change of 

the primary mirror where the resulting in-plane distortions were assumed 

to be produced by simple bending of a flat plate. 

This distortion can be represented by 

A z    = —r—   (x   + y   ) 

Ax   = tAc 
2 

Ay 
tAc 
— y 
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w he n 

Ac    =   curvature change 

t   =   mirror thickness = D/12 

D   =   mirror diameter 

The effect of this distortion for a 0. 1 percent curvature change is 

shown as a function of f-number in Figure 32.    Increasing or decreasing 

the percentage curvature change varies the distortions linearly,  with 

unity slope.    The basic conclusions are 

1, The aberrations increase with decreasing f-number 

2, There is a significant correction at large f-numbers. 

3, Degraded performance due to overcorrection will occur 
for f-numbers somewhat less than 1. 

Correlation with MPT Primary Mirror Distortions 

Although the foregoing simulations illustrate the mechanisms 

involved,  they provide no information about the basic level of the residual 

aberrations that can be expected in an actual system.    The magnitude of 

the residual depends on the type and magnitude of the distortion involved. 
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Figure 32.    Aberrations uue to curvature change. 
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Each of these parameters depends,  in turn,  on the HEL intensity 

distribution,  and on the absorbed power,  mirror design,  mirror materials, 

and other factors.    Hence, detailed modeling is required for each specific 

system to quantify the  residual aberrations.    Nevertheless,  an attempt 

was made to correlate the effects of the distortions with laser power by 

making use of extensive data available from the Hughes Navy Pointer 

Tracker (NPT) system.    The  results of this effort are described in the 

following paragraphs. 

In the Hughes computer simulation model of a pointing and tracking 

system for a high-energy laser,  the distortion-induced optical path 

difference (OPD) for each laser mirror is the sum of OPDs due to 

temperature gradients in the mirror and to pressure differences associated 

with the flow of coolant fluid within the backup and supporting structures. 

The model describes out-of-plane distortions by means of empirically 

derived equations.    However,  little information is available concerning 

the in-plane distortions; the existing information has been used to deduce 

an expression for the in-plane primary mirror distortions for this study. 

The cooled metal primary mirror is best characterized by backup 

distortions; that is,  the pressure and beam-mapping distortions are quite 

small compared to the backup bending distortions.    The out-of-plane 

distortion for the primary mirror is described by the following equation; 

As.       A  (x, y) B 
3.356  x   1 oM^U^Msr-M^.' 

where: 

f.lt)   =   3.67 x  I0'2t exp (1  -  3.66 x 10'2t) 
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and 

A (x.y 
B 

Optical path difference,   cm 

P = Input beam power,  watts 

o - Mirror absorptance = 0. 01 

G ~ Coolant flow = 1262 gm/sec 

R = Beam radius  ~ 50 cm 

k = R/z for NACL and GDL input beams 

k = 0 for Gaussian and uniform beams 

It should be noted that for k = 0,   this distortion corresponds to a 

change in curvature and hence can be represented by the distortion 

computations given in the previous subsection. 

The only in-plane distortion investigation conducted in the NPT 

study was done for the secondary mirror.    Following an examination of 

this data,  it was concluded that the in-plane distortions of the primary 

mirror could be adequately represented by the equation for the out-of-plane 

distortions provided that the constant term were neglected.    For the 

assumed values of o ,   G,   and R this leads to 

Ar.   --   C. 8b8 x   10       P 1   - 
2 21 

(50)2    J 

Ax   =   6. 868 x   ]0"10P 
'     ,   2 2.1/2 

>'•   (x     +   y  ) 

(50)2 

(4) 

Ay =  6. 868 x   10"10P 
,   2-    ...   2,1/2 

y (x    i  y ) 

(50)' 
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An analysis was conducted using Equation  4   for various f-numbers 

at 5 megawatts of laser power and also as a function of power for an f/2 

primary.    The results of this analysis are shown in Figure 33. 

For an uncooled ultra-low-expansion (ULE) glass primary mirror, 

the magnitude of the distortion is low compared to that of a cooled metal 

primary.  As indicated in Figure 33  it is believed that the aberrations due 

to the ULE mirror will be at least one order of magnitude smaller than 

those associated with the cooled primary. 

These results must not be taken too literally because they are very 

preliminary in nature and can be expected to vary greatly among different 

designs.    The validity of the assumptions concerning the type and magnitude 

of the distortions (particularly the in-plane distortions) also remains to 

be fully established. 

It should also be noted that the residual aberration in this rrodel is 

comprised almost entirely of focus error.  This arises naturally from the 

assumptions made concerning the nature of the distortion.    However,  the 

sample beam is not used for controlling focus errors since range information 

is not ordinarily utilized in a local-loop error sensing system.    It may then 

be concluded that for the control of higher order aberrations, the residual 

errors due to grating distortions on the primary mirror are acceptably 

small. 

More recently,  additional simulations were performed for another 

program.    These simulations are much more detailed in that they assume 

a typical HEL beam intensity profile incident on the primary mirror,  and 

the in-plane distortions are obtained by superimposing the effects of each 

element of surface area on all other elements in the mirror surface.    Full 

details of the simulations will not be given here.    However,  it may be 

noted that the results showed residual main beam errors of less than 

1  |j. rad in a system having   a diffraction limit of about 40 (J. rad.    It is 

therefore concluded,  particularly for on-axis systems,  that primary 

mirror distortions do not result in excessive residual wavefront errors 

when holographic beam sampling from the primary mirror is employed. 
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Figure 33.    Aberration versus power due to distortion 
of cooled metal mirror. 

Photoresist Thickness Variations 

Another potential source of wavefront aberration in the sample 

beam is the photoresist thickness variation that is likely to occur during 

fabrication of a grating for a large primary mirror,    A mathematical 

analysi:   of this problem leads to the conclusion that variations in the 

photoresist thickness as large as 0. 5 fim can be tolerated from the point 

of view of wavefront quality.    From the point of view of efficiency and groove 

depth,  a r  ore stringent tolerance in resist thickness variations may be 

necessary.     A first-order analytical approach estimating the effects of 

resist thickness variations on the aberrations that occur on playback is 

given below. 

As seen from Figure 34, the change A<t) in the phase difference 

between the tw incident wavefronts corresponding to a variation A z in 

the photoresist   hickness is given,  to first order in Az, by the expression 
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-PLANE OF THE 
NOMINAL PHOTORESIST 
THICKNESS 

POINT 
SOURCFS 

D. - D'. ' &i coia 

D, - D'. - Az coiß 

0,-02- (0', - D'^l-Ai (cos a -COJö I 

A ^. .—Azlcoi a - COJ B 1 
Xc 

Figure 34.    Geometry for photoresist variation calculation; 
Az is assumed thickness chang-, 

7 tr 
A ^ = —*-— Az(coso   -   :osß) 

f   1 where a   and   ß are the angles from the point srurces to the point in 

question on the mirror. 

The corresponding fringe shift A d is   ;iven by 

dA4> d 
Ad   =   —5—   = -r— A / (cos   a - cos ß ) (5) 

where d is the fringe spacing. 

An expression for the ray angular aberration AB   ran be obtained 

by differentiating the diffraction equation to yield 
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AG 
d    \d /cos 
^ (6) 

where 6 d = (Ad. -Ad-), 6 , ij the diflraction angle, X is the playback 

wavelength and Ad, and Ad are the shifts of two adjacent fringes. By 

substituting Equation 5 in Equation 6,  the aberration is found to be 

A3  = rr-5- »— (cos a -   cos 0) X.    cos GT v ^' c d 
(7) 

where m = (Az,   - Az,)/d is the local slope of the photoresist thickness 

variation.    In the foregoing equations,  second and higher order terms in the 

variables (Az,  etc. ) have been neglected. 

Foi- a 1-meter diameter f/2 " rimary mirror with on-axis 

construction sources at distances ot 2.93m and 2.44m,   Equations 5 and 7 

are given approximately by 

Ad (2. 57  x   ICT8)   r2 
(8) 

AB m 
X.„ cos 9 . c d 

(2. 57  x   10' (9; 

where r is the radial distance to the specified point on the mirror in 

millimeteis.    The appropriate parameter values are:    \p = 3.8 ^m, 

Xc   = 0. 4416 fim,   r - 500 mm,  Az - 0. 5 |jim,  m = U. 5 x 10'4 (i. e. ,  a 

0. J [im change in Az over a  10-mm radius),  and 6 , = 45 degrees. 

Substituting these values into Equations  8   and   9   gives Ad = 0.0073d 

and A 9-3.9 [Jirad.    This value of Aö   is within the diffraction limit of the 

primary mirror.    The 0. 5-|jLm variation in A z assumed is believed to be 

realizable experimentally; therefore,  in terms of aberrations (AG), the 

photoresist thickness variation should present little difficulty for wavefront 
2 sampling on mirrors up to 1 meter in diameter.    Due to th^ r    dependence 

of   Af ,  a tighter tolerance on m will have to be established. 
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2.3.4   Holographie Grating Axicon 

As discussed in Section 2.2.2,  the holographic grating axicon (HGA) 

shown in Figure 35 offers two important potential advantages over a 

reflective axicon.    First,  since it has no tip,  the HGA avoids the serious 

difficulties that arise in fabricating and cooling the tip of a high-power 

reflective axicon.    Second, when used in an HEL resonator,  the HGA, 

in principle,   sustains full phase correlation around the cylindrical cross 

section of the gain medium.    In contrast, a reflective axicon used for the 

same purpose can provide the desired mixing action only in a small region 

around its tip. 

a.    The conventional axicon 

ANNULAR 
BEAM 

I 
D 

HOLOGRAPHIC 
GRATINGS 

b.    The holographic axicon 

Figure 35.    Illustrative holographic axicon playback geometrres. 
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The analytical investigation of the holographic axicon concept covered 

the following aspects:   (1) the first-order design relationships,   (Z) the 

permissible tolerances on alignment of a matched pair of HGA elements, 

(3) interference effects,  and (4) high-efficiency requirements and computations. 

These topics are discussed in the following paragraphs. 

First-Order Design Relationships 

Illustrative examples of the optics necessary to construct the outer 

and inner elements of a holographic grating axicon are shown in Figure 36. 

To record the desired interference pattern between the plane and conical 

wavefronts,  it was assumed that conventional (reflective) axicons would be 

used in the path of one hologram construction beam.    The construction 

geometries shown in Figure 36 are long in comparison with the playback 

geometries because of the large wavelength differences between the 

construction (0.4416 (im) and playback (3.8 \im) beams,  representing a 

wavelength scaling ratio of 8.61.    However,  because the diameter of the 

inner element is equal to the width of one side of the outer element,  its 

construction geometry can be half as long.    Figure 36b also indicates that 

a recording at the very center of the inner element may not be feasible 

because of high intensity difficulties in this region.    The appropriate 

equations relating the parameters shown in Figures 35 and 36 are: 

Zp   =   7<m - U cotöp 

z      >   d cote,, c c 

s   = 
sine. sinfi. 
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PLANE 
WAVE 

REFLECTING 
AXICON 

OUTER 
HOLOGRAPHIC 
SUBSTRATE 

PLANE 
WAVE 

a.    The ouLe.. eh meat. 

INNER 
HOLOGRAPHIC 
SUBSTRATE 

PLANE 
WAVE 

REFLECTING 
AXICON 

PLANE 
WAVE 

b.    The inner element. 

Figure 36.    Illustrative holographic axicon 
construction geometries. 
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where the subscripts c and p refer to the con» truction and playback geome- 

tries  respectively,   s is the grating spacing and m is the beam magnification 

of the axicon.    An illustrative set of axicon design parameters is given in 

Table 3.    Due to the large wavelength difference between construction and 

playback,  the construction optics for the outer element must be mere than 

6 times longer than the playback geometry.    The computational data given 

below pertains to this design example. 

In order to minimize radiation losses into higher orders of diffraction, 

it is desirable to construct the axicon in such a way that the grating spacing 

is beyond the cutoff for as many diffraction orders as possible outjide 

those of interest.    The grating equation is: 

q \ =   s (sin 6 , - sin 6 2) 10) 

where q is the order and 6 ,,  6 , are the angles of incidence and diffraction, 

respectively.    In the axicon geometries, 6^ = 0 and 6 .   = 6     in the first 

order of diffraction.    It is then clear that,  provided 6     is greater than 

30 degrees.  Equation 10 can be satisfied only for the -1,  0 and +1 orders of 

diffraction,  for a wave incident normally to the first element.    For the wave 

incident on the inner element from the outer element,  only orders 0,   1 and 

2 can exist.    Thus,  for 6      > 30 degrees,   radiation can be diffracted into p m • 
at most three orders,  which should ease the problem of obtaining high 

diffraction efficiency in the orders of interest.    This condition is satisfied 

in the design example given in Table 3, for which 6     =45 degrees. 

Alignment Sensitivity Analysis 

Preliminary computer investigations of the sensitivity of the axicon 

design enable 3) to tilts and decentrations of the two elements relative to one 

another were performed.    The investigations were based on geometrical 

ray-tracing of the axicon in the reverse direction for ease of computer 

simulation (Figure 37).    The aberrations are the same regardless 
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TABLE 3.    HOLOGRAPHIC AXICON DESIGN EXAMPLE 

Design Characteristic Value 

Beam magnification,  m =-7- 

Conatruction wavelength, fim 

Playback wavelength,   fim 

Construction cone angle,  degrees 

Playback one angle,  degrees 

Grating spacing,  fam 

Axicon length,   ratio,  z   /d 

Construction optics length ratio,  z   /d 

0.4416 

3.8 

4.713 

45 

5.374 

2 

12. 13 

Note:   d = Beam diameter at inner element 
D = Beam diameter at outer element 

of direction because angular relationships are conserved through 

the axicon.   In the simulation, the order q = ±1 on the inner grating 

was chosen to generate the outgoing beams,  as shown in Figure 37, 

The +1 order forms the outer annulus cJ the outgoing wave a.:\d the  -1 order 

forms the inner annulus.    This is true because the grating vector must 

change continuously and therefore rotates around the center of the inner 

element in accordance with the circular fringe pattern.    The results are 

presented for d = 1 meter and m = 5; the aberrations for any other value 

of d may be determined by scaling the distances linearly while maintaining 

all angular relationships. 

The aberrations are all presented in terms o*" angular ray deviations 

in image space with respect to the reference ray.    Tha latter is the ray 

from the specified object point through the center of the entrance pupil 

(Figure 37a),    Unless otherwise noted,  the object is an axial point at infinity. 
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+ ORDER 

ENTRANCE 
PUPIL 

FRONT VIEW OF 
ENTRANCE PUPIL 

a.    ^ath of rays for q = +1 on inner grating. 

-1 ORDER 

OBJECT 
SPACE 

 126 

b.    Path of rays for q  - -1 on inner grating. 

Figure 37.    Configuration used in holographic 
axicon aberration examination. 
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These aberrations are not readily identifiable according to the usual 

terminology; therefore,  geometrical aberration curves are provided. 

These curves are determined by tracing ray fans as illustrated in Figure 38. 

A fan cf rays is a group of rays starting at an object point and incident 

on the entrance pupil in a line as illustrated.    The fan is referred to as 

a YFAN if the line on the entrance pupil is parallel to the y-axis,  and 

similarly for an XFAN.    For a given fan,  the geometrical aberration curve 

is plotted with the pupil dimension as the abscissa and the aberrations as 

the ordinate. 

The tilts and decentrations that produce angular aberrations in the 

beam are: 

1. A rotation of the inner grating about any axis in the x- y plane. 

2, A displacement or decentration of either grating in the x-y 
plane.    The effect of displacing one is equivalent to displacing 
the other. 

Since the gratings are rotationally symmetric,  the rotations were 

taken about the x-axis and the decentrations were taken in the y-direction. 

Plots of the maximum aberration as a function of the relative tilt and 

decentration of the inner and outer grating are shown in Figures 39a- and 

39b,   respectively, while plots of thv. angular aberrations with respect to the 

position of the ray on the entrance pupil are shown in Figures 40 and 41. 

v FAN 

REFERENCE RAY 

OFFSET X PAN 

X FAN 

Y 

L 
6-OFFSET 

ENTRANCE PUPIL 

Figure 38,    A fan of rays is a group of rays starting at an object 
point and incident on the entrance pupil in a line as illustrated. 
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x 
< 
2 

0 12 3 4 

a.    Tilt of inner grating,  millirad. 

0.2 0.4 0.6 0.8 1.0 

b.    Decentration of either grating, mm. 

Figure 39.    Maximum angular aberration due to 
misalignment of inner or outer grating. 
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RELATIVE APERTURE 

a.    No offset. 

10 

05 
z 
< 
5 
< 
x 
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— — ORDER • +1 

——^ ORDER - -1 

— —   ORDER -    1 

^^— ORDER - »1 

DXA 

RELATIVE APERTURE 

b.    5-cm Offset 

Figure 40.    XFAN aberrations introduced by a 2-mm 
decentration of either grating (DYA is angular aberration 
in the y-z plane,  DXA is aberration in x-y plane). 
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b,    5-cm offset. 

Figure 41.    XFAN aberrations introduced by 
1 mrad tilt on inner grating (DYA is angular 
aberration in the y-z plane and DXA is 
aberration in the x-z plane).    See Figure 38. 

75 



The aberrations introduced by tilting the entire axicon about any axis in 

the x-y plane are shown in Figure 42. 

i 2 3 

WILLIHADIAN 1 ILT OF AXICON 

Max.mum aberration versus tilt. 

z 
< 
5 

E   0 

J 
.j 

-i 

ORDER - +1 

ORDER - -1 

DXA 

RELATIVE APERTURE 

b.    XFAN aberration at 1-mrad tilt (no offset). 

Figure 42.    Aberrations introduced by tilting 
axicon (DYA is angular aberration in y-z plane 
and DXA is aberration in x-z plane). 
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The aberrations shown can be understood by close examination of 

the grating vector.    Consider,  for example,  the case of a 2-mm decentra- 

tion along the y-axis of the inner grating.    The functional behavior of the 

grating vector, q,  for a fan of rays along the x-axis is shown in Figure 43a. 

Note the change in the direction of the grating vector for small and large x; 

this leads to an almost abrupt transition in the geometrical aberrations,  as 

shown in Figure 40b for the case when x = 0.    The ray entering at the full 

x-aperture leaves the inner grating (q = 1) at an angle of about 4 mrad in 

the y-z plane,  since the angle between "q and the x-axis is also about 4 mrad. 

This angle is then reduced by a factor of 4.25 upon diffraction from the 

outer grating; hence,  the full  aperture aberration is as shown in Figure 40a. 

Since "q has not changed from the original undeformed system along the 

y-axis,  there are no aberrations for rays passing through the axis.    The 

functional behavior of q for the offset x-axis fan abe rration curve is shown 

in Figuve 43b.    Note that q changes direction much less rapidly with 

relative aperture; this leads to the curve in Figure 40b. 

The aberrations produced by decentering the outer grating can be 

understood in a similar fashion.    Such aberrations are given approximately 

T)y the change of the q" vector.    For the plot in Figure 40a,   this change is 

0.002/d where d is the distance from the optical axis at which the ray 

intersects the outer grating.    In this case the transition shown in 

Figure 40b is quite abrupt. 

Except for a region very n;ar the origin,  the aberration curves 

resulting from decentrations of the inner and outer gratings are identical. 

This is to be expected since there is no meaningful way to distinguish the 

two cases.  In the model,  the distinguishing feature is the definition   of 

the reference ray. 

The other aberration cur"es are not interpreted here, but an 

understanding of them can be gained by examining the behavior of the grating 

vector, "q".    The aberration curves and the   interpretation given above are 

preliminary in nature.    Further interpretations and computational results 

need to be examined to fully assess the behavior of the holographic grating 

axicon in relation to its potential application as an element of a laser 

resonator. 
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REFERENCE RAV GOES 
THROUGH ORIGIN 

HH- ' 

a.    For a fan of rays traced on the x-axis (y = 0) 

r    l 

REFERENCE RAY GOES 
THROUGH ORIGIN 

b.    For an offset fan of rays. 

Figure 43.    Behavior of grating vector,  q",  for 2-mm 

decentration of the inner element,    (l) ,  (2) ,    and (T) 
represent direction of q1. 
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Interference Effects 

When an HGA is used in  conjunction with a laser beam (as part 

of a laser cavity, for example), a wave incident on the outer element Tiay 

be combined in piecevise fashion, with diametrically opposite parts of 

itself at the inner element.    Since both parts are mutually coherent, 

it is of interest to investigate the resultant wavefront combination from 

the standpoint of wavefront theory and interference.    A discussion of some 

preliminary analysis along these lines is given below. 

Considered from the standpoint of the wavefront theory of holography, 

the inner element at which the beams are mixed is a series of concentric 

rings corresponding to the interference pattern generated by the two 

construction beams in the plane of the element.    Assuming a sinusoidal 

fringe pattern,  the grating function recorded may be expressed as 

G(r) oc A + 2B cos (k r sin 6   ) 
P 

where 

A,  B   =   constants 

k    = 

2        2 1/2 (x    + y )        is the radial coordinate in the plane of the 
grating. 

2TT/X.0 

angle of incidence of beam on playback 

Expanding G(r) into its exponential form, 

g (r)   =   A +B[eikr8inep   +e-ikr 8inep] 

On playback, the grating is illuminated with a conical wavefront which 

can be represented mathematically by the expression 

U    =   UU') ikr' sin 6' .     -ikr' sin fl' e + e 

79 



The wavefronts after diffraction are then given by 

U Ulr') G(r) 

Disregarding the zero— and other orders which do not propagate in the 

direction of the axicon output leads to the result 

n n  - ik (*■ sin  8„  "  r'  3in  el) J.  n  --ik (r  sin 6«  "  r'  s in  6') U_   =   Be p +i3e p 
P 

In the nominal design,   r"  = r and G '  = 6     so the two waves that 

are mixed together in the direction of the axicon output add together to 

give a net amplitude of 2B.    These two waves are,  however,   complex 

conjugates of each other,   so that wavef: >nt errors arising from misalign- 

ments or distortions of the axicon elements are of opposite sign.    If 

r    - r', 8     =6' and residual wavefront errors of magnitude «   are present 
P p , , . 

in each beam,  the intensity distribution across the two waves of interest 

(which are propagating in the same direction) is 

I (x   v)   =   B2   eik ^r 8in e " "^ sin e' + *) +     -ik (r sin 6 - r' sin 6' + » ) 

=   B2 [2 + 2 cos kc]   =   4 B2 cos    (kc/2) 

The wavef rent errors are thus mapped into an intensity distribution 

on the output beam. For example, if the inner element is decentered by an 

amount A x, 

[(x+Ax)2 + y2] 
1/2 

- /   2 ^ ,    A   il/2 - (r    + 2x Ax) 

= r + 
xAx 
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and 

xAx 
 sin 6 

r P 

I (x,  y)    =   4 B    cos   I— sinGp) 

This intensity distribution is zero along radial lines inclined at an angle ^ 

to the direction of decentration such that 

cosf   s  JL  -.   |n+1/2)^ (n  =   0.   1.   2.   3). r        Ax sm 6 »     »     »     » 
P 

The resultant star pattern is illustrated in Figure 44. 

Further conclusions may be drawn from the above and rationalized 

in a general way.    First,  x equals  X along the line z = 0,  and  €  = Ax sin 6 
P 

is the OPD error along this line,   the OPD being constant along radial lines. 

This result may be correlated with the grating equation for the axicon for 

the case in which one beam is normal to the axicon: 

Grating Equation: 

OPD Error: 

X    =   d sin 0 
P 

£     =   Ax sin G 

It is immediately evident that a decentration equal to the grating 

spacing, d,  causes a full wave of OPD error.    This is to be expected 

since each groove of the grating must correspond to an increment of one 

wave to obtain the first diffracted order.    Furthermore,  the OPD error 

due to decentration is independent of the scale or magnification ratio of 

the axicon; it depends only on the cone angle and wavelength and hence 

these two parameters alone determine the sensitivity of the axicon to 

decentration errors.    Since the grating spacing is generally small, 
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Figure 44.   Contours of zero intensity in output. 
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(5.4 ^irn fore     = 45 degrees and \   = 3. 8 ^m) decentration tolerances of 

the order of a micrometer or less are implied.    Although such tolerances 

are stringent,  they are similar to those for a conventional reflective 

axicon.    Furthermore,  this sensitivity to decentration,   coupled with the 

intensity mapping of the OPD errors offers a potential means of imple- 

menting adaptive control,  and may,  therefore be used to advantage. 

Although not analyzed here,  it should be noted that similar results arise 

with respect to tilt errors in the axicon. 

2.3.5   Off-Axis Virtual Mirror 

To obtain uniformly high efficiency, the off-axis grating lens must 

be designed to exclude all diffracted orders but -he first, at every point 

on the aperture.    The angle,   Q~., at which the first order diffracts is 

varied to provide the optical power of the grating. 

The range of diffracted angles can be determined from the geometry 

of the focus.    A simple geometry in which the focal spot lies tangent to 

the inner edge of the incident beam is shown in Figure 45.    Rays incident 

alorg this interface aro retroilected by the grating; this is the Littrow 

condition in which 

sin e.  = 2iL;    eD       = e, 
max 

A ray from the outer edge of the incident beam diffracts into an angle 

determined by the f-number (f#) of the lens: 

6 D =    6, - 2 tan 
mm (ir)- 

The existence of no more than one diffracted order can be ensured through 

the use of the grating equation to locate the cutoff condition for the 

second order; 

sin Sj + 1 < 2(sin Gj + sin eD 
mm 

83 



MAX 

• MAXIMUM DIFFRACTED ANGLE IS RETROHEFLECTED (UTTROW) 

8DMAX   • 8. 

• MINIMUM DIFFRACTED ANGLE IS DETERMINED BY THE SYSTEM 
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U 

"DMIN    ' 9r2rM^ [YJüöJ 

• A SINGLE DIFFRACTED ORDER IS ENSURED IF 

SIN e^KpfsiN Si ♦ SIN 9DM,N) 

Figure 45.    Virtual primary mirror: geometry 
used in efficiency analysis. 

This condition is satisfied in the region above the solid curve in 

Figure 46; for any number above the curve, it was anticipated that high- 

efficiency virtual mirrors would be feasible. 
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Z 
' 

HIGH 
EFFICIENCY 
REGION (> 99%) 

GROOVE DEPTH 
VARIATION (h/XI 

>,   0 21-0.1 

REGION OF MULTIPLE 
DIFFRACTED ORDERS 

_L- _!_ 
0° 20° 40° 60° 80° 

COLLIMATED BEAM INCIDENCE ANGLE 

Figure 46.    Virtual primary mirror design:   efficiency 
guidelines for TM (EjJ polarization. 
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The diffraction efficiency code has confirmed this expectation in 

'■he following way.    The first step was to see how close to the solid curve 

one could design a virtual lens with an ion-etched groove profile and still 

obtain 99 percent diffraction efficiency.    It was found that one could come 

quite close to this curve; any design point above the dashed line of 

Figure 46 satisfied the requirement. 

The next step was to see whether it would be necessary to tailor 

the groove depth across the surface in order to maintain uniformly high 

efficiency.    The three points investigated are shown in Figure 46.    The 

numbers listed under "groove depth variation" show the groove depths 

which will yield 99 percent efficiency at the outer and inner edges of the 

mirror.    The groove depth could remain uniform for the shallower angles 

of incidence, but depth tailoring is required for the steeper ones. 
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3. 0   FABRICATION INVESTIGATION 

Task III of the Holographic Grating Study was an experimental 

investigation of techniques for fabricating low-efficiency and high-efficiency 

holographic gratings.    The results of that effort,  which extended throughout 

the study,  are described in this section, 

Spction 3. 1 contains an introductory discussion of potential fabrication 

methods,  and of the reasons for selecting the aberrated-wavefront approach. 

This discussion is followed in Section 3. 2 by an examination of the key fabri- 

cation issues,  covering both low and high-efficiency gratings.     The fabrication 

procedures that were used are described in Section 3. 3, while the results of 

the investigation are detailed in Section 3. 4 and in Section 3 of Volume II. 

3. 1   FABRICATION OVERVIEW 

3. 1. 1   Fabrication Techniques 

A holographic grating is defined in terms of its function as a 

holographic focusing element.    The groove locations on the surface are the 

loci of the maxima of the interference fringes formed by the desired incident 

and diffracted beams.    Therefore,   fabrication of an HG requires the forma- 

tion of grooves at these locations,   and the various possible fabrication 

techniques can be evaluated in terms of the accuracy of the groove locations 

and the uniformity of the groove shape. 

For low-efficiency holograms operating in the first order of 

diffraction, the optimum groove shape i« probably a sinusoid, because 

this shape diffracts only Into the first two orders of the grating (for low 

efficiency), and produces a minimum of scattered radiation. 

In the case of high-efficiency HGs,  the optimum groove shape depends 

on several parameters that differ for differing performance requirements, 

and substantially deeper grooves are required.    Both of these requirements 

demand greater understanding and control of the fabrication process than is 

needed for low-efficiency gratings.    For this reason,   much of the fabrication 
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investigation was devoted to high-efficiency imue« «uch as minimising the 

effects of standing waves from reflecting substrates and achieving highly 

uniform coatings of photoresist. 

The two major techniques of grating fabrication are briefly described 
in the following paragraphs. 

Mechanical Ruling 

Mechanical ruling of the HG into the surface of the substrate requires 

thaFa complex positioning mecJ anism locate the cutting tool precisely at the 

calculated locatione of a fringe maximum,  and remove a very small amount 
of material as it is moved along the locus of this maximum.    Figure 47 

shows a magnified photograph of a portion of a typical ruled grating. 

Evidently, it is not reasonable to expect a sinusoidal groove profile by this 

method, and th# presence of burrs indicates that the level of scattered light 

from such a grating is relatively high.    Furthermore,   ruling machines are 

quite expensive.    If the fabrication of holographic gratings depended on 

mechanical ruling,  they would not,  in all likelihood,  become practical 

devices.    For comparison,  Figure 48 shyws a magnified photograph of a 

portion of a typical holographic grating; clearly, the holographic method 
permits much better control over the groove shape. 

Ion-Beam Machining 

Fortunately, an attractive alternative to mechanical ruling is 

available — that of ion-beam machining.    In this technique,  a beam of high- 

energy ions is used to ablate material from the surface through openings that 

must be provided to define the rmchining locations.   These openings are 
produced by a layer of photoresist that is exposed and etched away prior to 

the machining process. 

The spectral sensitivity of the photoresist is such that the exposing 
radiation must be in the blue or ultra-violet regions.    Existing possibilities 

for providing this blue exposure include:   (1) contact printing of a master; 

(2) projection of a previously-recorded pattern; and (3) direct exposure by 
a blu  -light interference pattern.    All of these techniques are potentially 

capable of producing a sinusoidal groove pattern,  through a linear etch of the 

photoresist. 
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,i .       I up  view. 

b.    Edge view. 

igure 47.     Ruled grating. 
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Figure 48.    Holographic   grating. 

Linear etching of several  types of photoresist has been accomplished 

by holographers for the purpose of generating linear hologram recordings. 

This linear development process can be followed by ion-beam machining *o 

obtain a desirable groove shape,   since ion machining is also a linear process. 

To the extent that the etch rates for the photoresist and the underlying sub- 

strate are equal,   the resulting groove shape will be sinusoidal.    11 the etch 

rates of the resist and substrate are different,   the etched groove will be a 

distorted version of the shaoe existing in the resist,   and its depth may be 

either greater or less than that in the resist.    Nevertheless,   even when the 

etch rates differ greatly,   the process can be regulated to achieve good 

resulta. 

3. 1.2   Implementation Techniques 

Several possible methods of providing the desired pattern of fringe 

locations on the resist-coated substrate are discussed in this subsection. 

Ruled Master 

If an appropriate ruling machine and conforming substrate are 

available,   the desired pattern can be calculated from the operational require- 

ments (conjugate points) of the system,   ruled into a metal film on the con- 

forming substrate,   and used to contact-print the desired pattern into the 
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rosiit.    The metal film can be completely removed,  i.e.,  «hallow groove« 

in tht master are not required.    The primary advantage of thi« method is 

that the groove position« are determined entirely by the ma«ter grating and 

not by the öxpo«ure/development/ion-beam-machiaing procedure«.    The 

major difficulty concern« the availability of an adequate ruling machine. 

A po««ibly attractive alternative to a mechanically-ruled master i« 

a photographically-recorded ma«ter.    With thi« approach,  a plotter or 

scanning recorder is u«ed to provide the master.    The principal difficulties 

11« in obtaining a suitable plotter and the nece««ity of providing the conform- 

ing substrate.    The plotter is a generally useful tool,   and so would tend to 

be more available than the ruling machine.    A distinct advantage of this 

technique i« that the groove shape could be tailored to meet various require- 

ments. 

Exact Holographic Grating 

Conceptually,  the most direct way to define ehe desired groove 

pattern is to expose the resist to the interference pattern produced by the 

two desired conjugate beam« of'the hologram.    However,   vhen infrared HCFS 

are required,  there are two major obstacles to this approach.    First,  the 

resist is not sensitive to the infrared radiation, nor are other recording 

materials available to be used on top of the resist or on a conforming sub- 

strate.    This means that the desired fringes would have to be observed by 

a detector  tnd transferred to the substrate by a blue light scanner,   which is 

a difficult process. 

The second obstacle to recording the desired hologram directly is in 

providing the necessary construction beams.    Particularly when large 

reflecting sußVtrate« are involved (e.g. ,  a primary mirror) clean, 

accurate optical systems of large aperture are required.    For the reflection 

system,  the converging beam must be supplied. 

Magnification of a Visible-Light Original 

According to holographic theory,  if a hologram is recorded at a 

wavelength,   \., it can be reconstructed at another wavelength,   X2,  withou» 

aberration, provided that the hologram is enlarged (or reduced) by   the 
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factor V,/ X.,  the ratio of the playback to recording •wavelength«.   Thie 

means that a pattern could be recorded in the blue ■ pact rum and then 

projected onto the eubetrate using incoherent blue light, with the required 

magnification.    The advantage of this approach is that the aperture of the 
recorded hologram is much smaller than that of the final substrate, end the 

f/numbers of the blue recording beams are much larger than those of the 

playback bean       The major difficulties lie in producing a sufficiently 

accurate original hologram, in providing for curved substrates,  and in 

achieving the extreme projection accuracies necessary for diffraction- 

ximited sampling. 

Blue Pcint-Source Construction Beams 

As in the case of the magnified visible-light or&ginal, this technique 

employs blue cmntruction beams to m^ke an HG for ude at a specified infra- 

red wavelength.   Instead of optically projecting an original hologram, however, 

the required fringe pattern is recorded directly on a photoresist-coated 
substrate at the correct scale for the IR playback wavelength, using blue 

point sources that most closely duplicate the prescribed wavefront. 

Aberrations can then be corrected on playback, using appropriate compenea- 
tino optics in the diffracted beam.   The ad      tage of this approach is that 

the construction point sources generate simp.      diverging beams that can be 
kept noise-free by spatial filtering.    The principal disadvantage is that 

additional optical elements are required in the final system.   Although email 

conventional elements might suffice to correct a low-power sample beam 

in this way,  a high-efficiency HG would require specially designed high 

power component   — a decidedly unattractive prospect. 

Aberrated-Wavefront Construction Beams 

Like the previous approach, the aberrated-w%wefront technique 

employs blue construction beams to make a full-scale HG designed for us« 

in the infrared.   The two meth  ds also, share the ability to correct for 

aberrations arising from both   he wavelength shift between construction snd 

playback and the use of off-axis playback geometries.   They differ, however. 
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in that tl.o aberrated-wavefront approach introduces these wavefront correc- 
tions into one or both of the construction beams,   rather than into the diffrac- 

ted beam on pla/back.    The correction is effected by using specially designed 

compensating optics to modify the spherical wavefronts emanating from 

optimally located point sources.    The resulting fringe pattern describes an 

HG that is diffraction limited when pa^ed back at the      c   ified IK wavelength 
and in the design geometry. 

besides making it possible to design HGs with "built-in" aberration 
corrections, the aberrated-wavefronf method offers other significant 

advantages over alternative implementation techniquea.    These include the 
facts that the numerical apertures of the construction beams are much 

smaller (and therefore much easier to implement in the laboratory),  that 

the construction wavelength can be selected to optimize the exposure process, 

and that only diverging beams are required.    The small numerical apertures 

and diverging beams are both particularly important ad auxtagrs.   The 

principal difficulties stem from the need for stable,  coherent construction 

beam« and specially-designed, high quality correcting optics. 

Because of the advantages noted above,  and because the difficulties 

were considered to be quite manageable,  the aberrated wavefront approach 

was implemented and used successfully throughout the HGS Program. 

Figure 49 shows a photograph of the recording setup that was used; it is 
described in the following subsections. 

3.2   FABRICATION ISSUES 

A« noted above, the aberrated-wavefront method of generating 
holographic grating exposures requires special optical- elements and stable, 
coherent blue (or UV) construction beams.    Design and fabrication of the 

special optics are fairly routine tasks that were accomplished without undue 

difficulty (see Section 5),   A serviceable coherent blue source was provided 

by the 4416 nm line from an available cw HeCd laser.   Although some 

etabiliy and reliability problems were experienced with this laser during the 

early part of the program, the manufacturer was able to solve them by 

rebuilding it to incorporate certain design modifications suggested by Hughes. 
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In future work,   the HeCd laser will be replaced by a more suitable 

krypton las^r fitted with an etalon to provide a highly coherent beam at 

4131 nm.    The higher power level available from this laser combined with 

the greater sensitivity of photoresist at the shorter wavelength results in 

more than a factor-of-ten improvement in the effective sensitivity relative 

to the HeCd laser     This improvement can be exploited to provide shorter 

exposure times and/or larger gratings. 

Besides designing the correction optics and obtaining i laser suitable 

for making holographic exposures,   a number of other issues relating to the 

experimental work were addressed in the course of the fabrication investiga- 

tion; they are discussed in the following three subsections.    The issues 

described in Section 3. 2. 1 deal with fabrication procedures applicable to 

both low-efficiency and high-efficiency HGs,   while Section 3. 2. 2 covers issues 

of concern primarily for high-efficiency gratings.    Modifications of procedures 

and facilities that will be needed for fabricating larger HGs up to one meter 

in diameter are discussed in Section 3. 2. 3. 

3.2.1   Ger.eral Issues (Low and High Efficiency) 

A diagram of the HG recording setup that was used is shown in 

Figure  50.    The construction beam optical system was designed to record 

the 45-degree HG beam sampler described in Section 5.    This grating focuses 

a collimated 3.8 ^m beam,  incident at an angle of 45 degrees,   to a point on 

the normal to the mirror.    (See Figure 6, Section 2).    The optical components 

consist of a beam splitter,  dielectric mirrors and spatial filters,  aberration- 

compensating lenses,   and frequency stabilization optics. 

Stability During Exposure 

Stability is of great importance for accurately recording complex, 

interference patterns at high spatial frequencies.    Because the interference 

is phase dependent,   the optical path difference between the construction 

beams must be held constant while the pattern is being recorded.    Therefore, 

the  optical system was constructed on an optical table supported by pneuma- 

tic air mounts.    The low natural frequency of these air mounts isolates the 

optical system frombuilding vibrations.    A plexiglass turbulence shield was 
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Figure 50.    Exposure apparatus for exposing 
aberration-corrected holographic gratings. 

fabricated on the optical table to minimize the effect of atmospheric distur- 

bances and acoustic noise on the recording system.    The laser source was 

located outside of the enclosure so as to isolate the construction beams from 

the thermal convection induced by the laser.    In addition,  the enclosure can 

be filled with a clean nitrogen atmosphere to prevent dust from settling on 

optical components.    Interferometric techniques were used to study the 

sLability of the construction optics and mounts,  and the effectiveness of the 
isolation. 

Since the optical path difference between the construction beams 

must be kept constant to a fraction of a wavelength,   significant perturbations 

can be easily induced by thermal expansions of the optical components and 
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mounts.    A feedback system was therefore designed to monitor and control 

this difference.    Active correction with this system is accomplished through 

electronic processing of an error signal to drive a piezo-electric translator 

in one of the construction beams,   achieving stability of better than  \/20. 

Diffraction Effects 

Dust particles on the construction optics are recorded in the photon 

resist as far-field diffraction patterns that appear at random positions over 

the a^ea of the surface grating.    On the other hand,   aperture-limiting stops 

give rise to near-field diffraction that is distributed through the main beam 

that defines the grating.    To investigate these aperture effects,  a single- 

beam exposure system,  cons'sting of a collimated beam and a 1-centimeter 

limiting aperture,  was used.    The setup is shown schematically in Figure 51, 

while Figure 52 shows a typical near-field pattern from this aperture,   as 

recorded in a photoresist layer on a gold reflective substrate. 

Because of the random-appearing nature of the pattern,  it was 

initially thought to be a speckle effect due to a beam reflected from the gold. 

The experimental approach used to isolate the cause of this effect was to 

interrogate the intensity uniformity of the beam systematically after various 

components in the exposure system.    The scans shown in Figure 53 were 

taken continuously across the beam through a 1-cm aperture,  using a sampling 

aperture of 10 fim diameter on the photomultiplier tube.    Strong Fresnel 

ringing is evident from the edge of the aperture but the central beam appears 

uniform.    Therefore,   various iterative exposures were employed on a variety 

of substrates using a simple diverging point source.    This permitted the 

collimating lens to be eliminated,   thereby minimizing the optical surfaces 

in the exposure setup.    The substrates investigated were (1) simple micro- 

scope glass slides,   (3) reflective gold evaporated on 2-inch silicon wafers, 

(4) reflective gold sputtered on 2-inch silicon wafers.    Both spin-coating 

and dip-coating were used to coat the photoresist in these experiments. 

Exposures to the diverging point source exhibited no speckle.    The next 

step was to add the collimating lens in the optical system and repeat the 

exposures on various substrates.    Once again,  no extraneous speckle was 

recorded in the photoresist. 
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PLANE 

Figure  51.    Single collimated-beam exposure system. 

With the addition of the aperture in the optical system, oatterns in 

the photoresist similar to thosj shown in Figure 5Z were observed.    The 

same effect was seen in exposures with the aperture at several locations in 

the construction beam.    The far-field location of a 1-cm diameter aperture 
2 

at 441. 6 nm is D  /X = 227 meters (D = diameter of the aperture; 

\  = wavelength).    Further experimentation has shown that even folding 

mirrors 1 to 2 inches in diameter can cause near-field diffraction problems 

if the incident beam over-fills the mirror aperture.    The random appearance 

of the diffraction pattern is attributed to defects in the aperture.    Imperfec- 

tions in the aperture of the order of 25 ^m can cause Fresnel rings less 

than 25 ^tm in   diameter to break up into the random pattern seen in 

Figure 52, 

Scattering From Reflective Substrates 

In order to control the etch rate,  etch depth,  and the profile of the 

surface grating recording in Shipley 1350B photoresist,  experimental data 

were collected for various exposures at fixed development times. 

Dip-coating and  spin-coating techniques were  used to apply photoresist 

to a gold  reflective  layer on glass  substrates.     After the photoresist 

was exposed and developed,  the etch depth was measured with a Tallysurf 

instrument.    Initial work using single-beam exposures at 441.6 nm showed 

effects of scattering from the reflective substrate,  which resulted in a 
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Fißure 52     Near-field diffraction of 1-cm diameter aperture 
recorded in Shipley 1350B photoresist layer on gold. 
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random relief on the photoresist rather than a smooth,   etched surface.    The 

sizes of the scatter reliefs were found to depend 01. the surface quadty of the 

substrate.    This does not pose a problem m the recording of surface gratings 

since the photoresist grating serves as a mask for ion-beam machining the 

final grating onto the mirror surface.    The surface grating mask can be 

exposed until all the photoresist is removed in areas where the ion beam is 

to etch the reflective surface.    Hcwever.  the scattering does not allow 

accurate data to be obtained for exposures which do not completely etch down 

to the gold layer.    To obtain etch rate data,  the coherence of the 441. 6-nm 

beam was intentionally reduced with a diffuser.    Etch rate data were also 

obtained experimentally from exposures of linear gratings produced by 

interfering collimated wavefronts.    It was found that the scattering problem 

is alleviated with interference exposures because the scattering from each 

single beam is dominated by interference effects. 

During the course of the investigation,   reflective optics were used 

whenever possible to minimize the effects of secondary reflections from the 

interfaces and surfaces of lenses. 

3,2.2   High-Efficiency Grating Issues 

Two key issues relating to the fabrication of high-efficiency HGs 

on metallic substrates were identified early in Task HI:   (1) obtaining highly 

uniform layers of photoresist and (2) minimizing or eliminating standing 

wave patterns in the photoresist grating caused by reflection from the 

substrate.    The first issue i» relevant to both low-efficiency and high- 

efficiency HGs, but is more critical In the latter case because of the deeper 

grooves required.    The second issue is of concern only for high-efficiency 

gratings since standing waves appear only when the ga-ooves are sufficiently 

deep. 
Because of their critical importance to the successful fabrication 

of high-efficiency HGs,  the foregoing issues were investigated at length 

during the study.    They are described briefly in the following paragraphs, 

and at greater length in Section 3. 3. 

101 



Photoresist Layer Uniformity 

Variations in the thickness of a photoresist layer deposited on a 

substrate before exposure can lead to nonuniform diffraction efficiency in 

the developed grating.    This effect can be understood with the aid of 

Figure 54.    The sketch in the upper right-hand part of the figure represent» 

a cross-sectional slice through an idealized holographic grating in a non- 

uniform layer of photoresist, following exposure and development.    For 

illustrative purposes,  only two well defined layer thicknesses are considered. 

It is also assumed that the depth of the groove after development is directly 

proportional to the exposure at each point.    This linear exposure/development 

characteristic of both the "thick" and "thin" gratings is plotted in the upper 

left portion of the figure.    A single characteristic describes both 

thicknesses up to the point where the photoresist in the thinner layer has 

been etched away down to the substrate.    As the exposure increases beyond 

this point, the etching depth saturates in the thinner layer but continues to 

increase linearly in the thicker layer until the maximum exposure/depth ie 

reached. 
As a consequence of the difference in etching characteristics,  the 

groove depth and duty cycle* will also vary with the thickness of the photo- 

resist layer.    The period,  however,   remains unchanged,   since it is defined 

by the construction beam geometry.    These effects can be seen by referring 

to the holographic exposure curve in the lower left part of Figure 54,    Here, 

the ordinate of the curve is proportional to the exposure level at each point 

along a line perpendicular to the grooves.    The sinusoidal shape of this 

curve characterizes the intensity distribution in the interference pattern of 

the two coherent construction beams.    In the thicker layer,  the grooves 

conform to this shape because of the linear photoresist characteiistic. 

In .he thinner layer, however,   saturation of the characteristic curve 

tends, in effect,  to flatten the peaks of the cosine profile at the level 

indicated by the dashed line "A" corresponding to the layer thickness.    As 

*The duty cycle may be defined as the width of the groove wall,at 
a point half way to the bottom of the groove,  divided hy the 
period. 
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a result,  the grooves in this part of the grating are not only shallower than 

in the thicker layer,  but the duty cycle is also reduced. 

Since the diffraction efficiency is a function of both the groove depth 

and duty cycle, it also varies with the thickness of the photoresist layer. 

(See Section 4. 1.)   Thus, obtaining uniform layers of photoresist is essential 

to achieving both maximum grating ef/icrency and good efficiency uniformity. 

Standing Waves 

Photoresist exposure to coherent illumination is characterized by 

the etching depth as a function of exposure energy for a fixed development 

time.    Because of the reflective substrate on which the photoresist is coated, 

strong standing waves occur,  causing intensity variations in the bulk of the 

photoresist along the normal to the substrate,  even when the incident 

illumination is uniform.    This phenomenon is illustrated in Figure 55 for a 

uniform exposure at normal incidence to the photoresist layer,    tn the bulk 

of the photoresist one must consider the attenuation of the exposing beam 

due to absorption ar  well as the intensity distribution resulting from inter- 

ference between the incident and reflected waves.    These standing waves 

have half-wave cycles with an intensity minimum at the reflective surface, 

where a 180-degree phase shift occurs.    Their inherent stability is 

independent of the stability of the exposure setup. 

The standing waves give rise to variations of exposure energy in the 

bulk of the photoresist layer.    Because of such variations,   the rate of 

development also varies as these sublayers of differently exposed photo- 

resist are removed during development.    The effect of this exposure nonuni- 

formity due to standing waves, is shown in Figure 56.   These curves were 

obtained experimentally by exposing the photoresist to uniform incident 

illumination at 441. 6 nm.    For a fixed development time of 1 minute in a 

one-to-one concentration of AZ developer in de-ioniaed water,  the thickness 

removed by the developer at various exposure levels was measured using a 

Dektak instrument.    Exposures were made on gold reflective substrates and 

microscope slides.   The glass surface of the microscope slide was indexed 

with glycerol to a black absorbing surface to minimize reflections from the 

rear surface of the substrate.   At similar exposure levels, a smaller amount 
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Figure 55.   Standing waves in the photoresist layer due to interference 
of incident and reflected wavefronts. 
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Figure 56.    Etching depth versus exposure for AZ1350E photoresist 
developed for one minute in 1:1 AZ developer. 

photoresist was removed from the gold-coated reflecting substrate than from 

the non-reflecting substrate.    This shallower etching depth is attributed to 

the slower etching rate in the bulk of the photoresist where the exposure was 

reduced due to the presence of a minimum in the intensity of the standing 

wave. 

3. 2. 3   Large-Area Grating Issues 

With the single exception of a 9-cm diameter,  water-cooled mirror, 

2-inch diameter substrates were used exclusively for the HGs that were 

fabricated throughout the study.    (The water-cooled mirror is discussed in 

Section 5. 1.)   This restriction was imposed so that the spin-coating 
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technique,   which yields uniform layers of photoresist,   could be used for the 

experimental investigation.    Spin-coating is not feasible for large substrates 

because of the high mechanical stresses produced. 

Nevertheless,   it was evident from the beginning that the results of 

this task would be of limited value in HEL systems applications unless they 

could be extrapolated to much larger substrates.    Because this issue is of 

central importanc«. to the development of primary mirror HG beam samplers 

and other large-aperture concepts,   a preliminary assessment was made of 

the problem? involved in scaling up to 1-meter diameter curved substrates. 

The results of this assessment are summarized in the following paragraph. 

Success in extending current fabrication techniques to 1-meter 

apertures hinges on three requirements:   (I) obtaining a suitable laser 

source of higher power,   (2) developing coating techniques for large-area 

curved substrates,   and (3) designing and constructing ion-machining equip- 

ment that can accommodate the larger substrates. 

The first requirement car. be appreciated by noting that an exposure 

time of 71 hours would be needed to fabricate a 1-meter beam sampler 

grating using the HeCd laser that was available during the study.    Although 

the fringe control system was designed tc correct phase errors occurring 

during an indefinitely long exposure,   it is difficult to ensure the necessary 

physical stability of the substrate ;tself over periods of several hours or 

more.    This substrate stability requirement for large-area exposures is best 

met by providing higher laser output power in conjunction with single- 

longitudinal-mode operation to increase the coherence length. 

Several laser manufacturers offer krypton and argon lasers capable 

of providing single-frequency output power levels of from 0. 5 to 0.75 watts 

at 0. 3638 ^m and 0. 5 to 2. 5 watts at 0. 4131 fim.    These wavelengths are 

preferable to the high-gain argon lines at 0,4880 and 0. 5145 ^m (and to the 

0.4416 y.m HeCd line) because of the sharply higher photoresist sensitivity 

at the shorter wavelengths.    Thus,  for example,   a previous change in the 

exposure wavelength from 0,4579 v-m to 0,4416 ^m resulted in a factor-of- 

five increase in sensitivity,  anci further improvements of from five to twenty 

times may be anticipated with the 0.4131 or 0.3638 ^m krypton lines.    As 

noted earlier,   the 0.4131 (im krypton line will be used in future work. 
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Concerning the second requirement, two current techniques uied to 

deposit photoresist on small-area substrates are spin-coating and dip- 

coating.    The major difficulty with spin coating for 1-meter substrates is the 

high speed at which the substrates must be spun.    Reducing the spinning 

speed leais to thickness non-uniformities caused by drying of the resist 

before full,  uniform coverage can be achieved.    Another factor cortributing 

to non-uniformity is the increase in linear velocity with increasing distance 

from the center of rotation.    Dip coating has been used at Hughes to coat 

33-cm diameter mirrors with resist layers 0. 5 fim thick,  achieving a 10- 

percent thickness variation.   This technique is suitable for coating large 

areas but needs refinement for application to 1-meter apertures and curved 

substrates. 

Roller coating and spray coating are used by commercial vendors to 

deposit relatively thick layers of resist on substrates used in printed circuit 

board technology.    However,  the minimum thickness achieved with these 

techniques is 10 ^m, which is excessive for HG applicationi.   Further 

Development of these techniques may make them viable for large-area,  thin 

coatings. 

The last major requirement for fabrication of surface gratings on 

1-meter substrates is the design and construction of large ion-machining 

equipment.    The area coverage attained by ion bombardment depends on the 

source size,  the use of a "diverging lens" assembly,  and the source-to- 

target distance.   At the Hughes Research Laboratories, aperturing techniques 

have been developed and used with existing ion machining equipment to fabri- 

cate uniform machined gratings 25 cm by 30 cm in area.    Section-by-section 

ion machining of large-area gratings has also been demonstrated. These 

techniques can be extended directly to l-meter substrates. 

3.3   FABRICATION PROCEDURES 

3. 3. I   Discussion of the Method 

Holographic surface grating fabrication consists of a material 

preparation process and two exposure steps.    First,  a photoresist such as 

Shipley AZ1350B is "coated on the desired substrate.    For beam samplers, 

106 



the substrate consists of the reflective surface at which the surface grating 

will sample the incident beam.    In the next step,   a coherent exposure 

(at 441. 6 nm,  for example) records the required interference pattern in the 

photoresist layer.    In the developing process,  Shipley AZ developer is used 

to remove photoresist at a rale determined by the local exposure of the photo- 

resist layer.    The interference pattern is therefore recorded as a surface 

relief pattern in the developed photoresist.    As a result,  all the photoresist 

is etched away in heavily exposed areas and very little is removed in lightly- 

exposed areas.    This photoresist pattern then serves as -> mask for the 

second exposure step, in which an ion beam etches the surface grating into 

the underlying reflective layer. 

The efficiency of the final grating is determined by the depth and 

profile of the ion-etched grooves in the substrate.    This profile is,  in turn, 

highly dependent on the profile of the photoresist grating mask.    Because 

these gratings consist of lines comparable to wavelength dimensions,  good 

process control of each step is essential. 

Typical experimental parameters for layers of photoresist and 

substrate are shown in Table 4.      In general,  the photoresist can be either 

spin-coated or dip-coated onto the substrate.    The volatile solvent in the photo- 

resist solution liquifies the material for application to the substrate.    After 

coating,  the photoresist is dried at 70 to 80oC to remove all volatile solvents, 

which can cause variations in sensitivity. 

TABLE 4.    EXAMPLES OF PHOTORESIST AND SUBSTRATE 
LAYERS USED IN EXPERIMENTS 

Typical 
Material Thickness,  A 

Photoresist 

Reflective Substrate (Beam 
Sampling Surface) 

Base 

Shipley 1350B 

Gold 

Glass 

2500 - 3500 

4000 - 5000 

Spin-coating is a method whereby the liquid photoresist is deposited 

on the substrate and thu substrate is spun at a constant speed to produce a 

109 



uniform coating.    The variables which determine the photoresist thickness 

are the initial photoresist concentration and the spin rate.    With dip-coating, 

the si.bsträte is extracted from a solution of photoresist at a constant rate 

("dip-drawing") or the substrate is held stationary while the solution is drained 

away ("dip-draining").    The variables which determine the thickness in this 

case are the photoresist concentration and the pull rate or drain rate.   Some 

typical thickness data are shown in Table 5.   Although these results are 

repeatable under similar conditions,  the thickness depends on the surface 

conditions as well as the size of the substrate.    Therefore,  representative 

films for each batch of material prepared were always measured by a Dektac 

machine to obtain accurate thickness information.    For the most part, photo- 

resist thicknesses in the range of 2500 to 3500 A were used.    This initial 

thickness determines the depth to which the reflective substrate can be etched 

in the ion-beam machining exposure. 

TABLE 5.    PHOTORESIST THICKNESS DATA 

SPIN COATING 

DIP-DRAW 
COATING 

Concentrated Shipley 1350B 
Filtered 
Substrate-gold on 2 inch diameter silicon wafers 
5, OOOoRPM - Photoresist thickness 
2800 A 

Concentrated Shipley 1350B 
Substrate-glass 2x3 inches , 
1 inch/20 seconds — Photoresist thickness 5600 4 
1 inch/25 seconds — Photoresist thickness 4500 .$. 
1 inch/30 seconds — Photoresist thickness 4000 A 

After being applied to the substrate,   the photoresist is exposed to the 

interference of the construction beams.    As discussed in Section 3. 1. Z,  the 

Hughes approach employs aberrated wavefronts at the construction wave- 

length.    This allows the grating to be constructed with diverging beams of 

small numerical aperture.    Residuad aberrations of the hologram can be 

corrected with sr lall-aperture elements in these construction beams. 
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,3.3.2   Grating Exposure 

An exposure setup for recording linear gratings having a period of 

approximately 6 urn is shown in Figure 57.    The fringe control interferometer 

behind the exposure plane maps one construction beam onto the other to 

produce broad fringes so that the intensity can be detected with the photo- 

diodes.    These detection fringes are 180 degrees out of phase with respect 

to each other due to a 90 degree phase shift of the reflected beams at the beam 

splitter.    Intensity changes in these detected fringes correspond directly to 

phase changes in the construction beams.    Phase errors due to mechanical 

vibrations of optical mounts,  atmospheric disturbances of the construction 

wavefronts,  etc.,  cause the intensity distribution of the interference pattern 

to drift.    This motion of the construction wavefront interference pattern 

during an exposure results in a "blurred" recording of the grating.    There- 

fore,  feedback control electronics are used to modulate a piezo-electric 

translator in one of the construction beams.    Intensity differences between 

the detected fringes are integrated to provide a correction signal to the 

PHOTODIODE 

BEAM 
CORRECTION SIGNAL SPLITTER 

COLLIMATING LENS 

^Of 

SPATIAL 
FILTER 

441.6nm 

TO FEEDBACK 

Figure 57.    Exposure apparatus for recording linear grating (6.38 |im/angle) 
at location A and qua si-linear grating a* location B. 
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translator,    This active control system allows exposures to extend well 

beyond 1 hour by correcting phase errors to better than  X./10. 

Due to the presence of the  collimating lens in Figure 57, the diverging 

waves from the point sources are collimated at the exposure plane A so linear 

gratings can be recorded with plane wavefronts.    The theoretical grating 
spacing s is: 

^p 0.4416 \xm ,   -_ ,       , 
8   =   2 8in(ep/2)   =   1.68 [2 sin (1. 18»)]    =   6.38 ^m/cycle. 

where 

P 
n 

\   .   /n   =   construction wavelength in photoresist 

refractive index of photoresist 

sin       (sin 6   .  )/n      =   included angle between construction ax r 
beams in photoresist. 

A typical grating period of the exposed photoresist gratings as measured 

with a microscope-stage micrometer, was 6.36 jim/cycle, in agreement 

with this calculation.    This grating spacing was chosen to be large enough 

so that a fair amount of detail can be seen through a conventional microscope 

at 1000-to-200üX magnification.    Figure 58 shows an example of a photoresist 
grating recorded at location A in Figure 57. 

Because of internal reflections between its front and back surfaces, 

the lens in Figure 57 refracts part of the incident beams at different 

angles,  producing weak extraneous gratings.    These extraneous gratings 

produce spurious diffracted orders which can be eliminated by using anti- 

reflection coated tjingle-element lenses or reflective optics.    Location B 

allows quasi-linear gratings to be recorded with spherical wavefronts and 

eliminates the extraneous reflections from the lens.    The resultant grating 

is produced as expected with only the standing-wave effect as shown in 

Figure 59.    Examination of the diffracted orders verifies the absence of 
other gratings. 
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Figure 58.    (a)   Linear grating recorded in AZ1350B photoresist 
over gold on 2" x 3" microscope slide.    Note extraneous grating 
structure along the edges due to spurious reflection from lens 
element,    (b)   extraneous diffraction caused by the extraneous 
grating structure.    Note:   Arrows in photograph denote the top 
of the grating step. 
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Figure 59.    (a)   Quasi-linear grating recorded in AZ1350B photoresist 
over gold on 2" x 3" microscope slide.    Note standing wave structure 
along the grating,    (b)   First and Second diffracted orders.    Note:     the 
secondary spot near the diffracted orders is due to reflections in the 
laser cavity; arrows in the photographs denote the top of the 
grating step. 
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3,3.3   Development of Photoresist Gratings 

It can be shown that the relationship between etching depth,  in 

photoresist,  Ad,   and exposure £ (energy/unit area) is   : 

Ad   =   T[rl - Ar nxp(-cE)] (11, 

where 

T 

c 

rl 

r2 

Ar 

development time (seconds) 

exposure constant of the photoresist 

etching rate of exposed molecules 

etching rate of unexposed molecules 

rl-r2 

If cE   «K 1 in Equation 11 (as is usually the case),  then 

Ad    a   ArTcE + r2T (12) 

Equations  11 and 12 shew that the etching depth in photoresist is strongly 

dependent on the etching rate of unexposed molecules.    The characteristics 

of Tj, can be utilized to control the degree of linearity of the final etching rate 

of the material. 

A survey of previous work done with AZ1350 photoresist is summarized 

in Figure 60.   The wide dispersion of experimental data taken by various 

workers is evident.    These experimental data are dependent on laboratory 

conditions and control of material preparation and processing.    To obtain 

accurate data based on the preparation and processing employed in the 

Holographic Grating Study,  the characteristics of r, were investigated using 

both AZ1350 developer and AZ303 developer.    First, AZ1350B photoresist 

was spin-coated onto silicon wafers at 300 RPM to form a photoresist layer 

6R. A.  Bartolini, Appl. Opt.   13,  129 (1974) 
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Figure 60.   Summary of experimental data reported by varioue 
workers using AZ1350 photoresist. 

o 
approximately 4300 A thick.   The photoresist-coated wafers were then baked 

at 80eC for 20 minutes.    Silicon wafers provide a convenient optical surface 

upon which photoresist layers of very uniform thickness can be applied by 

spin-coating techniques.    The photoresist was then developed for various 
development times, rinsed with de-ionized water, and blown dry with nitro- 

gen.   During the experiment, variations in the etching depths occurred due 

to non-uniform agitation of the photoresist in the developer.    Depletion of 

the developer occurs if agitation is not adequate to keep fresh developer at 
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the photoresist surface.    Therefore,  the developer was stirred at a constant 

rate during the development process to achieve consistency in the experi- 

ments.    The developer temperature was held constant at 21 to 220C. 

Experimental data for r, corresponding to various dilutions of 

developer are shown in Figure 61.    The etching depths were measured on a 

Dektac instrument.    Referring to the experimental data,   a very wide range 

of variation in the measurements was recorded for long development times 

with undiluted AZ1350 developer.    This is attributed to a pronounced rough- 

ness of the etched surface resulting from extended development.    At a one- 

to-one dilution ratio,   r, is very small,   which is desirable to prevent exces- 

sive removal of unexposed photoresist.    The AZ303 developer was found to 

have a higher r2 value.    In addition to this incre?sed r2 value,  other workers 

have found significant increases in development speed for r. using this 

developer.    Hughes experience has verified this effect along with a smoother 

etched surface,  as indicated by the relatively small spread in the experimen- 

tal data.    This is advantageous for exposing larger grating areas because the 

exposure energy density can be reduced. 

3. 4   EXPERIMENTAL RESULTS 

In Section 3. 2. 2,  two issues of major concern in the fabrication of 

high-efficiency HGs were described:   (1) obtaining highly uniform photoresist 

coatings on the grating substrate,  and (2) minimizing or eliminating standing 

wave patterns in the photoresist grating (which may be transferred into the 

final ion-etched grating).    The first of these is a key element of a more 

basic issue underlying the development of such gratings:   gaining sufficient 

understanding and control of photoresist and ion-machining processes to 

ensure that the desired groove depth and profile are accurately reproduced 

in the final grating.    As noted earlier,  control of groove properties is also 

needed tc achieve good efficiency uniformity,  which is important for low- 

efficiency,  as well as high-efficiency HGs. 

In contrast,   standing waves are ordinarily of concern only in the 

fabrication of high-efficiency gratings.    The reason for this is that standing 

waves occur only when the thickness of the photoresist layer exceeds a 
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half-wavelength of the exposing radiation (in the photoresist),  and this limit 

is usually not reached with shallow,  low-efficiency HGs.    They do tend to 

appear in the thicker photoresist coatings that are required for producing 

high-efficiency gratings.    When they occur,  standing waves tend to reduce 

the attainable level of diffraction efficiency,  and must therefore be 
suppressed whenever maximum efficiency is required. 

The foregoing issues were examined systematically and in considerable 
detail under Task III.    These investigations are described in the following 
subsections and in Section 3 of Volume II. 

3. 4. 1   Investigation of Photoresist Properties 

Thi« subsection describes a series of experiments that led to a 

reproducible method of coating two-incn silicon substrates with layers of 
photoresist. 

The following procedure was developed for cleaning the silicon 
substrates before depositing the gold layer: 

1. Degrease with Trichloroethylene (15 minutes) 

2. Wash in saturated solution of Alconox and water (20 minutes) 
3. Wash in hot de-ionized water (2 hours) 

4. Degrease with Transsne (15 minutes) 

5. Degrease with Transene (15 minuces) 

6. Vacuum-bake at 1158C for 30 minutes in a half-closed jar. 

In preliminary experiments,   samples were stored under vacuum and 

were subsequently spin-coated at 7,200 rpm with AZ1350J resist.    The quality 

of the resulting photoresist film was poor.    Later experiments eliminated 

possible impvfrities in the photoresist and/or contar ination of the »ubstrate 

as causes of the layer nonuniformity.    Finally,  the cause was found to be 

the high speed of the spinner.    At 7200 RPM the photoresist is subject to 

very high radial acceleration and velocity; consequently,  it atomizes and 

strikes the inner surface of the spinner bowl,  which reflects some of it back 
onto the substrate.    In subsequent experiments,  a lower spin speed 

(3600 RPM) was employed in conjunction with a lower-viscosity resist 

(AZ1370).    This modification succeeded in eliminating the problem. 
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Following these initial inveatigations,   12 silicon wafer» wjtfre cleaned 

according to the above procedures,  and a 1. T-^m layer of gold was deposited 

on sach of them, using vacuum evaporation techniques.    Four of these 12 

substrates, hereafter referred to as 69A,  69B,  69C and 690,   were coated in 

the following manner:   10 drops of filtered AZ1375 photoresist were deposited 

at the center of the wafer; a 30 second waiting time was allowed so that 

bubbles in the resist would rise to the surface,  and the wafer was then spun 

•it 3600 RPM for 30 seconds.    The wafers were exposed to the interference 

«utern of the HeCd laser for 7 minutes,   13 seconds,  resulting in an expo- 
2 sure energy density of 130 mJ/cm  .    The wafers were developed in AZ 

developer (1:1 dilution ratio) for 2 minutes and washed for 5 minutes in 

de-ionized water. 

All wafers exhibited a. textured pattern radiating outwalk from the 

center.    Since repeatability and understanding of deposition processes were 

primary task goals,  it was decided that an investigation into the causes of 

the texture,   and means of eliminating it,   was needed.    For this purpose,  a 

large number of experiments was performed; they are summarized below. 

The cause of the textured pattern was determined to be irregular 

drying of the resist before and during the »pinning process.    The pattern 

was eliminated by applying either of two possible techniques:   (1) adding 

acetone to the spinner bowl,  or (2) employing a two-layer construction in 

the presence of photoresist thinner. 

3.4.2   Evaluation of Techniques 

A:r Baking versus Vacuum Baking 

The first experiment was designed to determine whether vacuum 

baking prior to exposure was causing the texture problem.    For this purpose, 

the wafers 69A,  69B,  69C and 69D were cleaned using "Photrex" grade 

acetone and "Photrex" grade 2-propanol.    After "leaning,  they were 

re-numbered 25A, 25Bt 25C and 25D,  respectively.    Low-viscosity 1350B 

resist and high-viscosity 1375 resist were used to obtain thin (0.3 to 0.4 ^m) 

and thick (2-3 (im) layers, respectively.    The different parameters that 

were varied during the experiment are summarized in Table 6, 
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TABLE 6.    SUMMARY OF AIR AND VACUUM BAKING 

Sample 
Photo reeitt 

Type 

Spin 
Speed, 
RPM 

Baking Type/ 
Duration 

E^nosure Energy 
D-nsity,  mj/cm' 

Miscellaneous 
Comments 

25A 1350B 3600 Vacuum/2 hours 130 

25B 1350B 3600 Vacuum/2 hours 90 

2SC 13S0B 3600 Air/2 hour« 130 

25D 1350B 3600 Air/2 houn 90 

25E 1375 2000 Air/2 hour» 130 

25F 1375 2000 Vacuum/ 2 houri 130 

25G 1375 4000 Air/2 hours 130 

25H 1375 4000 Vacuum/ 2 hours 130 

251 1375 6000 Air/2 hours 130 

25J 1375 6000 Vacuum/2 hours 130 

25K 

25L 

1375 

1375 

3600 

3600 

Air/2 hours 

Vacuum/2 hours 

130 

130 

Spinner bowl 
covered during 
waiting and 
spinning. 

Conditions:    a.    20 drop« photoresist 
b. 30 seconds waiting time 
c. 30 seconds spin duration 

After exposure,  the samples were developed in AZ developer (1:1) 

for 2 minutes and rinsed in de-ion:zed water for 5 minutes.    No texture was 

observed on samples ?.5A, 25B,  ^DC, 25D, 25K and 25L.    The texture problem 

was apparently caused by the high viscosity of the AZ1375 photoresist used 

(samples 25A,  B,   C,  and D were made with very thin resist) and by partial 

drying of the resist while waiting,  and while spinning the sample.    Covering 

the spinner bowl (samples 25K and L) seemed to eliminate this problem. 

In an attempt to confirm these conclusions,  four substrates were 

cleaned with "Photrex" acetone and 2-propanol using procedures identical 

to those used in preparing samples 25K and 25L.    However,   after exposure 

and development,  the new samples showed a textured pattern.    At the time, 

the cause of this inconsistency was not known.    Now it is believed that fdnce 

samples K and L were the last ones prepared during the previous run, 

enough photoresist solvent remained in the spinner bowl to prevent localized 
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dring of the resist.    The four wafers that were used the next day exhibited 

the textured pattern simply because there was then not enough resist and 

solvent in the spinner bowl to prevent the resist from dryw.e.   Samples A. 

B, C and D did not exhibit texture due to the high solvent content of the low- 

viscosity resist that was used. 

Acetone in Spinner Bowl 

To investigate the effect re-cleaning of the substrates would have on 

the success of Samples 25A,  B, C and D in the previous experiment, pre- 

viously exposed substrates were cleaned with "Photrex" acetone and 

2-propariol on the spinner immediately before coating them with photo- 

resist.    The photoresist used was AZ1375; after applying it to the substrates, 

the samples were baked under vacuum for two hours.    The other parameters 

are summarized in Table 7.    Texture was absent from all samples.    Because 

the cover of the spinner bowl isolated it from the. exterior environment, the 

only real difference in the experimental conditions seemed to be in re-clean- 

ing the old wafers.    In the re-cleaning process, acetone and 2-propanol 

were used; these are retained as a vapor in the spinner bowl.    The acetone 

environment seemed to aid the deposition process by preventing the thick 

resist from drying. 

TABLE 7.    EXTERNAL ENVIRONMENT VARIATIONS 

Photoresist Laminar 
Sample Quantity Flow Bench Cover 

25G 10 drops Off On 

25H 10 drops Off Off 

251 Flooded On On 

25J Flooded Off Off 

25E 20 drops Off Off 

25F 20 drops Off On 

Conditions: a.    30 seconds waiti ng time 
b. 30 seconds spin duration 
c. 3600 RPM spin speed 
d. 130 mJ/cm^- exposure 
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To confirm these conclusions,  the following experiment was 

performed.    Three groups of substrates were cleaned and prepared in the 

following way: 

Group 1.    Samples 25G,   25H,   251    The samples in this group were 
s"pin-cieaned with  "Photrex" acetone and 2-propanol at 10, 000 RPM 
and the bowl was then dried.    Afterward,   ten drops of filtered resist 
were deposited on the substrates,  and following a 30 second wait, 
the substrates were spin-coated at 3600 RPM for 30 seconds.    The 
bowl cover wat. kept closed during the waiting period and while 
spinning the substrate. 

Group 2.    Samples 25L,   25K,   25E    These sampks were cleaned 
individually just before they were coated.   In all other respects,  the 
deposition was identical to that of the Group 1 samples. 

Group 3.    Samples 25F,   25J,   25A    This group was prepared in 
identical fashion to Group 2 except for the fact that the laminar-flow 
bench was turned off and the spinner bowl cover was removed. 

All of the samples were exposed and developed in the usual manner. 

As expected,  only Group 1 showed the textured pattern.    Following their 

development,  samples from the three groups were measured with a Dektak 

instrument to determine the thickness of the photoresist.    The results are 

summarized in Table 8. 

TABLE 8.    SUMMARY OF ACETONE MEASUREMENTS 

From this experiment it was concluded that the acetone in the spinner 

bowl prevents localized drying of the photoresist.    However,  the acetone 

also appears to attack the photoresist,  changing its viscosity and sharply 

reducing the layer thickness.    The thickness differences among the samples 

in Groups 2 and 3 indicate that the coating thickness is determined by the 

solvent content of the atmosphere in the spinner bowl. 

Group Samplei Atmosphere 
Laminar 

Flow Bench 
Spinner 
Cover Thickne«« 

Texture 
Pretent 

1 250,   25H.  251 Dry On On 2.85nm Ye« 

2 2SL,  23K,  25E Acetone On On 1. 3 Mm No 

3 25F,  25J.  25A Acetone Off Off 2.3 ^m No 
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Type of Resist,   Waiting Time,  and Spin Speed 

Another experiment was performed to determine whether the 

photoresist viscosity or the acetone concentration is the important para- 

meter,  and to examine the extent to which the acetone atmosphere affects the 

resist thickness as a function of spin speed.    The parameters that were 

varied are summarized in Table   9. 

TABLE   9.     RESIST TYPE,   WATTING TIME, AND SPIN SPEED 

Sample 
Photoresist 

Used 
Photoresist 

Quantity 

Waiting Time 
Before Spinning, 

seconds 

Spin 
Speed, 
RPM 

26A 1370 Flooded 30 3600 
26B 1,^70 Flooded 15 3600 
26C 1370 10 drops 0 3600 
251 1370 Flooded 0 3600 
25H 1350J Flooded 30 2500 
25H 1350J Flooded 15 2500 
25C 1350J Flooded 0 2500 
25B 1350J 10 drops 0 2500 

Conditions:    a. No acetone in bowl 
b. 30 seconds spin duration 
c. Laminar flow bench OFF 
d. Cover OFF 

All the samples were exposed and developed in the conventional way, 

and the textured pattern was evident in all of them.    The conclusion,  there- 

fore, is that only an atmosphere of acetone (or equivalent solvent) can 

eliminate the texture problem,  but this is achieved at the expense of a 

thinner coating of resist. 

To improve the thickness of the resist coating using AZ1375 resist, 

glass slides were coated with AZ1375 resist in an acetone atmosphere at 

different spin speeds.    The results are shown in Figure 62.    It can be seen 

that the thickness improvement is minimal even for very low spin speeds 
(2000 RPM). 
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Figure 62.    Reaist thickness versus spin speed. 

In conclusion,  it appears that an acetone atmosphere is needed to 

eliminate the texture problem even for 1370 and 13501 resist.    Only the 1350B 

resist yielded consistently acceptable coatings in the absence of an acetone 

atmosphere.    However, only thicknesses up to 0. 3 to 0.4 ^m can be achieved. 

Furthermore,   in the presence of the solvent atmosphere,   the thickness of 

the resist layer does not vary significantly over the lower range of spin speeds: 

Acetone Concentration 

Since acetone is needed in the spinner bowl,  it was decided that an 

improved resist thickness could be achieved by controlling the acetone 

dispensed in the bowl and/or the amount of time that the substrate is left 

on the spinning chuck.    To assess these possibilities, nine 2-by-2 inch glass 

slides were pre-cleaned with acetone and 2-propanol.    The substrate was 

placed on Ch« vacuum chuck of the spinner with no acetone present.    Then, 

20 drops of filtered AZ1375 resist were dropped onto the center of the 

substrate, and a measured amount of acetone was dispensed with a pipette. 

Waiting times of 30 and 60 seconds were employed,  and finally,  the sample 

was spun at 3600 rpm for 30 seconds.    The resulting thickness is shown in 

Table 10 as a function of the amount of acetone and waiting time. 
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TABLE 10.   RESIST THICKNESS AS A FUNCTION OF ACETONE 
CONCENTRATION AND WAITING TIME 

Sample 
Amount of 

Acetone,  ml 
Waiting Time, 

seconds 
Thickness, 

0 30 2.7 
(Reference) 

2.5 30 2.2 
2.5 30 2.25 
2.5 60 2.1 
5 30 2.05 
5 30 2.1 
5 60 1.95 

10 30 1.95 
10 60 1.85 

B 

C 

D 

E 

F 

G 

H 

I 

Having achieved thicknesses on the order of 2 ^im with measured 

amounts of acetone, four gold-coated wafers were prepared as follows: 

Wafer Identical with Slide 

25B 

25D 

25C 

25H 

B 

E 

H 

A 

The substrates were exposed and developed according to the usual procedures. 

All of them exhibited textured patterns,  although the ones made with acetone 

were not as strongly textured as the reference «ample prepared without 

solvent.    To improve the process, it was thought that allowing the acetone 

to saturate the spinner bowl (varying the waiting and spinning times) would 

prevent the photoresist from drying locally and generating the textured 

structure.    All of the gold substrates were cleaned with acetone and 

O-propanol.   Twenty drops of AZ1375 resist were used on each substrate. 

Variable amounts of acetone were dispersed in the spinner bowl,  and after 

a specified waiting time each sample was spin-coated at 2500 RPM.   The 

different variations are summarized in Table 11. 
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TABLE 11,    ACETONE CONCENTRATION,  WAITING TIME AND 
SPIN DURATION 

Sample 
Amount 

Acetone, 
of 
ml 

Waiting Time, 
seconds 

Spi in Duration, 
seconds 

25A 0 0 30 

25E 5 60 30 

25F 5 120 30 

251 2.5 60 10 

25J 5 60 10 

25K 2.5 6C 15 

25L 5 60 15 

26A 2.5 60 20 

26B 5 60 20 

After standard exposure and development,  all the samples again 

exhibited texture.    Sample 25A exhibited the least texture, probably as a 

result of the short time needed to complete the deposition.    This motivated 

the next set of experiments,  which was identical to the one just described 

except for reduced waiting and spin times.    These variations are shown in 

Table 12,    Again,  the samples were exposed and developed following 

standard procedures.    The textured structure was evident on all of them. 

At this point,  the only remaining alternatives were to (1) employ 

post-spin processing (using heat and saturated acetone) and (2) increase the 

amount of acetone dispensed in the spinner bowl. 

Samples 26C,  25B,   33D and 33E were cleaned with "Photrex" acetone 

and 2-propanol.    The wafer surface was flooded with AZ1375 resist,  and 

after 30 seconds waiting time,  was spun for 30 seconds at 3600 rpm.    Sample 

26C was baked in air at 120°C for 10 minutes and sample ?-B was baked in 

air at 140*C for 5 minutes.    Substrate 33D was placed in a saturated acetone 

atmosphere,  whereupon the solvent attacked the photoresist after about 15 

seconds,  again causing large-scale surface nonuniformities.    After sample 

33E was placed in a saturated atmosphere of AZ thinner,   a reaction similar 

to that seen in the acetone atmosphere was observed,  with the exception that 

the reaction times were much longer.    Upon exposure and development,  none 
of these samples showed improvement. 
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TABLE 12.    ACETONE CONCENTRATION,  WATTING TIME AND SPIN 
DURATION FOR REDUCED WAITING AND SPIN TIMES 

Finally,  the amount of acetone dispensed into the spinner bowl was 

increased.    In this experiment,  200 ml of acetone were poured into the 

spinner bowl.   Sample 33B was mounted and flooded with AZ1375 resist, 

and after a 30 second wait,  was spin-coated at 3600 RPM for 30 seconds. 

Subsequently, it was removed and an additional 200 ml of acetone were 

poured into the bowl,  making a total of 400 ml.   Sample 25C was mounted 

and processed identically to sample 33B.    Subsequent exposure and develop- 

ment revealed no texture for either 33B or 25C.   Unexposed photoresist 

was removed from the edges of the samples and the resist height of each was 

measured.    Samples 33B and 25C were found to be 1.65 ^m and 1.2 ^m thick, 
respectively. 

Sample 
Amount of 

Acetone ml 
Waiting Time, 

seconds 
Spin Duration, 

seconds 

25F 2.5 0 20 

25K 2.5 :o 20 

251 2.5 20 20 

25A 2.5 0 10 

33A 2.5 10 10 

25H 2.5 20 10 

33B 2.5 0 30 

33D 2.5 10 30 

SP3 2.5 20 30 

25D 5 0 20 

25L 5 10 20 

25J 5 20 20 

25E 5 0 10 

25B 5 10 10 

25C 5 20 10 

33C 5 0 30 

26C 5 10 30 

26B 5 20 30 
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It wan concluded that the texture problem could be eliminatid by using 

acetone butthe thickness of the resist layer could not also be preserved at 

the same time.    Acetone atmosphere can be used to generate resist layers 

that are uniform to between 1. 2 and 1. 4 |im.    The reason that the structure 

problem did not always appear in previous experiments was that some of the 

wafers were cleaned with acetone in the spinner bowl just before depositing 

the resist. 

AZ Thinner 

In an effort to improve the resist thickness and eliminate the textured 

structure, photoresist thinner was used instead of acetone. For this experi- 

ment, 350 ml of AZ thinner were dispensed in the spinner bowl, and 20 drops 

of AZ1375 resist were deposited on pre-cleaned wafers. The wafers were 

then spun at 3600 RPM. The laminar-flow bench was left on but the spinner 

area was kept closed. The variables involved here were the waiting time and 

the spinning time; they are summarized in Table 13. 

TABLE 13.    WAITING AND SPIN TIME VARIABLES 

Sample 
Waiting Time, 

seconds 
Spin Duration, 

seconds 

25L 

25K 

33A 

25D 

25A 

25F 

0 

0 

0 

30 

30 

30 

10 

15 

30 

10 

15 

30 

Following conventional exposure and development,   samples 33A and 

25F were examined and found to be good gratings with no visible texture. 

The measured thickness of the photoresist was 2.35 |^m,  an encouraging 

result.    To determine the tolerances associated with this method,   another 

experiment was performed in which the waiting and spin times were varied 

along with the spin speed,  as shown in Table 14.    The wafers were exposed 

to a laser energy density of 130J/cm  ,  immersed in AZ developer (1:1) for 

2 minutes,  and rinsed in de-ionized water for 5 minutes following established 
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TABLE 14.   WAITING TIME, SPIN DURATION AND SPIN SPEED VARIABLES 

Sample 
Waiting Time, 

seconds 
Spin Duration, 

seconds 
Spin Speed, 

RPM 

25K 30 30 3600 

33A 30 40 3600 

25L 30 50 3600 
25D 30 60 3600 

25B 45 30 3600 

26B 45 40 3600 
33D 45 50 3600 
25E 45 60 3600 

SP3 30 30 25>U 
33C 30 40 2500 
26C 30 50 2500 
25A 30 60 2500 

procedures.    Only sample 25K did not exhibit the textured structure.    Since 

the longer spin and waiting times did net eliminate the problem,  it was 

decided to try reducing them instead.    The results are summarized in 

Table 15. 

Although in this experiment the conditions for preparing sample SP3 

(30 seconds/30 seconds) were identical to  successful previous runs,  this 

sample dtill exhibited texture.    For this reason,  four more wafers were 

cleaned and processed for 30 seconds waiting and 30 seconds spin time. 

After development they showed no structure.    Dektak measurements on all 

four wafers revealed tnicknesses of 2. 33 ± 0. 03 jim.    The thickness uniformity 

over a single test sample was better than 5 percent. 

At this point,  27 more silicon wafers were cleaned and a 3. 0 \im 

gold layer was deposited on each.    Microscopic examination revealed that the 

gold surface had numerous defects resulting from the evaporation techniques 

employed.    Nevertheless,  it was decided to proceed with the preparation of 

these samples. 

Six wafers were coated in an AZ-thinner environment, using 30 

second waiting and 30 second spin times.   These samples were exposed and 
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TABLE 15.    REDUCED SPIN AND WAITING TIMES 

Sample 

33D 

Waiting Time 
Spin Duration, 

seconds 
Spin Speed, 

RPM 

25 seconds 25 3600 

25B 25 seconds 30 3600 

33C 26 seconds 35 3600 

25K 30 seconds 25 3600 

SP3 30 seconds 30 3600 

25D 30 seconds 55 3600 

25E 35 seconds 25 3600 

26B 35 seconds 30 3600 

25L 35 seconds 35 3600 

26C 6 minutes 30 3600 

25A 10 minutes 30 3600 

26A 20 seconds 30 2500 

developed conventionally, but unfortunately,  they all gave evidence of texture. 

It appears that this technique is dependent on the external environment.    Since 

the major parameters and factors had been investigated,  this deposition pro- 

cedure was abandoned because it was fell that an excessive amount of time 

would be needed to determine the proper conditions. 

Dynamic Deposition 

In an attempt to eliminate the textured structure,  the photoresist was 

deposited while the substrate was spinning,   thus reducing the drying time to 

a minimum.    In place of the spinner cover,   a 12-by-12 inch glass plate with 

a 1/32 inch hole was used and 900 ml of AZ thinner were introduced into the 

spinner bowl,    The substrates were carefully mounted ön th6 chuck,   and 

after 30 seconds settling time were spun at 3600 RPM for 30 seconds while 

adding photoresist through the hole in the ^lass cover.    The parameters 

varied were the settling time and the a.nount of photoresist added.    The 

results are summarized in Table 16,    Unfortunately,  the texture results 

were not consistent.    Therefore this method was also abandoned. 
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TABLE 16.    THICKNESS VARIATIONS FOR DYNAMIC DEPOSITION 

Sample 
Waiting Time, 

seconds 
Photoresist 

1375 
Thickness, 

25D 30 20 drops 

25K 30 23 drops 

25E 30 20 drops 

25A 60 10 drops 1.85 

SP3 60 10 drops 1.85 

25L 60 10 drops i.e? 

Double-Coating Procedure 

The next step in the development of texture-fret substi-ates w.is 

the incorporation of a sublayer of photoresist that would ke»jp the final 

resist layer from drying prematurely.    In all the experiments that follow, 

the textured structure was completely eliminated for all thicknesses. 

However,  large-scale variations (2000-4000 A) in resist thickness were 

observed over the substrate.    Since double coating proved to be a reliable 

method of eliminating the textured structure,  an investigation was 

initiated to solve the problem of thickness variations. 

In the experiment described below,  three techniques of photoresist 

deposition were compared.    Curve A in Figure 63 represents the 

thickness variation as a function of spin speed for the following process: 

900 ml of AZ thinner are introduced into the bowl.   The substrate is 

positioned on the vacuum chuck and after 60 seconds,  20 drops of 

photoresist are deposited on the center of the wafer.    The cover is then 

closed and the closed system is left undisturbed for 30 seconds,  allowing 

bubbles in the resist to rise to the Surface.   After spinning, the suhstrate 

is removed immediately.    From curve A (Figure 63), it can be  seen 

'Jiat thick coatings can be achieved, but almost all of them exhibit the 

textured structured (the letter "T" after each experimental point denotes the 

textured structure). 

Curve B in Figure  63   represents  .i procedure  identical  to 

that of Curve A except that,   instead of closing the bowl with the 
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Figure 63.   Thickness variations, 

conventional  cover,   a   12-by-12 inch glass  plate is  used.     This provides 

for a higher concentration cf AZ  vapor,   thus   reducing  the  thickness 

of the  spin-coated  substrate.     Again,   as  can be  seen from the 

number of T  labels  accompanying  the data points,   the textured  structure 
remains. 
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Curve C exhibits no texture whatsoever.    The coating procedure for 

this case is as. follows:   the substrate is positioned onto the spinner chuck 

and covered with the l2-by-12 inch glass.    Following sixty seconds of settling 

time, the spinner is started.    Ten drops of resist are dropped onto the spinner 

(while It is in motion) and the wafer is spun for 30 seconds.    When the spinner 

stops,  20 drops are deposited in the center of the already-coated substrate, 

and after a SO-second waiting ti'-ie it is spun again for 30 seconds.    Although 

the textured structure was eliminated by this procedure, the coating exhibited 

large-j:aie nonuniformity.    When viewed under bright light,  concentric 

fringes appeared. 

In an effort to improve the uniformity,  the procedure for applying the 

resist sublayer was modified.    Instead ^f dropping the resist while the wafer 

v.as spinning, 20 drops of photoresist \ ere first applied, and after 30 seconds 

of waiting time it was spun for 30 seconds.    Ten samples were prepared this 

way,   resulting in improved uniformity.    However,  motion fringes were 

observed which made evaluation of the uniformity very difficult. 

To determine the cause of the motion fringes, more substrates were 

cleaned,  coated and exposed.    Results weve very inconsistent.    After 

numerous trial-and-error runs (varying the settling time, holder pressure, 

etc. ),   it was concluded that the observed fringes were not caused by sub- 

strate motion during exposure,  but were in fact the result of a materials 

problem.    Again, after extensive experimentation it was discovered that the 

use of reagent-grade acetone with 0.003 percent residue after evaporation 

was staining the gold.    A subsequent change to "Photrex" grade acetone with 

0.0002 percent residue after evaporation succeeded in eliminating the 

"motion fringes. " 

To further improve the uniformity of the resist layer,  a number of 

changes in the coating procedure were made.    The waiting time before 

deposition of the sublayer was incr  ased to 60 seconds, and the amount of 

photoresist used for the final coat was    icreased to 50 drops.    Even with 

these changes,  the coated layers were not as uniform as would be «. J sir able. 

The final step was to increase the spin speed to 6,000 RPM.    This solved 

the problem but produced layers 1. 3 jim thick..    It seems that with present 

technology this is the best that can be achieved by the spin-coating method. 
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Twenty-three new silicon wafers were cleaned according to the 

procedure described earlier and 2.4 |j,m of go,J •.-.::_ deposited.    The pro- 

cedure for coating them was: 

1. Fill the spinner bowl with 1000 ml of AZ thinner 

2. Center the substrate on the vacuum chuck 

3. Place 12-by-12 inch sheet of plate glass over the spinner bowl 

4. Wait 60 seconds to allow equilibrium of liquid-vapor phase 

5. Deposit 20 drops of 1375 resist in center of substrate 

6. Wait 60 seconds 

7. Spin at 6000 RPM for 30 seconds 

8. Deposit 50 drops of photoresist at center of sublayer 

9. Wait 60 seconds 

10. Spin at 6000 RPM for 30 seconds 

11. Remove  substrate and vacuum bake at 60oC for Z hours 

All of the samples were exposed to 130 mj,. cm    energy density from 

the laser and were developed according to normal procedures.    All were 

found to be uniform and no texture was observed. 

3. 4. 3   Results of the Coating Technique Evaluation 

With current technology,  uniform and defect-free photoresist layers 

can be deposited in thicknesses up to about 1.4 |j.m using spin-coating 

techniques.    Although it appears possible to produce thicker resist layers 

by other methods,   investigation of such methods could not be undertaken 

within the time remaining in the program.    However,  thicker coatings may 

not be necessary,   because gratings produced from 1. 4 (im layers will con- 

tain at least tO or 11  standing waves,  whic^ should average out in the ion 

machining process. 

In summary,   20 substrates free of resist defects were prepared. 

Ten were photographed with a scanning electron microscope (SEM) and ten 

more were machined to various depths.    Following the ion machining,  SEM 

photos were made and the samples were measured,.    These results are 

described next. 
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3. 4. 4   Evaluation of Sample Gratings 

For this investigation,  20 identical silicon wafers coated with a 

0. 5 |i.m gold layer were spin-coated with photoresist and used to prepare a 

control set of sample gratings.    These substrates were subsequent!/ exposed, 

developed, and ion machined to various depths to produce ten pairs of graded 

efficiency samples.    The resulting gratings were then evaluated to provide a 

concise set of data on the transfer characteristics of the ion-machining 

process and to verify the diffraction efficiency code (see Section 4),  as well 

as to gain improved understanding of photoresist properties. 

For each sample, an SEM picture was taken of the photoresist 

grating,  the ion-machined grating (before removLig the photoresist), and 

the final grating in gold (with photoresist removed).    The ion-machined 

gratings hdd peak-to-trough heights of 0. Z to 2. 0 fim in steps of 0. 2 p.m. 

Figures 64 to 69 show some typical results obtained by varying the groove 

profile,  period and duty cycle.    Figure 70 is a summary of the photoresist- 

to-gold transfer characteristics for an initial grating with a 25-percent 

duty cycle. 

At the completion of these experiments, the holographic exposure 

setup was aligned according to the design specifications for the aberration- 

corrected grating construction described in Section 5.    Four 2-inch X./20 

optical flats were coated and exposed.    Two high-efficiency (>40 percent) 

and two intermediate-efficiency (>20 percent) samples were fabricated. 

In conclusion, an investigation of the transfer characteristics of a 

photoresist mask on gold showed that trapezoidal gratings with a 60-degree 

base angle for various peak-to-trough heights of interest could be obtained 

consistently.    In addition,  sputter deposition of gold produced a more uni- 

form surface than can be obtained by the e-beam vacuum evaporation method. 

Finally, the fabrication of both high-efficiency and low-efficiency aberration- 

corrected gratings was demonstrated. 
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3. 4. 5   Standing Waves 

When a photoresist grating is exposed on a reflecting substrate such 

as gold,  standing wave patterns may develop in the photoresist as a result of 

interference between the incident exposing beams and wavefronts reflected 

from the substrate.    An example of such standing waves in a linear photo- 

resist grating over gold was shown in Figure 59. 

In the absence of reflections, the interference intensity between 

construction wavefronts is 

^ + IB r 2v/IAIBCOS  6AB 

where IA and Ig are the wavefront intensities and eAR is the relative phase 

difference between the wavefronts.    However,   because of reflections, the 
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desired grating is modified by the superposition of standing wave gratings 

caused by the interference of reflected and incident wavefronts. 

Figure 71a shows the four coherent fields within the photoresist bulk. 

For symmeirical construction beams (where 6    - 6-), the general descrip- 

tion of the intensity distribution due to the interference of these four coherent 

wavefronts is: 

IA(1+Y) f 'x4irn    s 
1 + K cos' & 

where 

Thickness modulation 
coefficient 

Desired exposure coefficient 

V  =   ^A
/
 ^R ^s t^e ^n*ens^ty ratio of the construction beams 

R -   Reflection coefficient of the substrate 

K   = 
(TTYT 

is the fringe contrast of the construction beam interference 

6  -   The included half angle between construction beams in the 
photoresist 

<|) =   Phase shift due to reflection at the substrate 

The desired grating formed by the two incident construction wavefronts 

has loci of constant-intensity fringes parallel to the bisector of the included 

angle between construction beams.    For symmetrical construction beams, 

these fringes are perpendicular to the substrate surface.    The distance 

between maximum-intensity fringe planes is the groove spacing,    d    = 

X./(2n    sin 6).    For construction beams with a small included angle, the 

standing wave pattern has loci of constant intensity lying nearly parallel to 

the substrate surface.    The distance between maximum-intensity fringe 

planes is d    = X./ (Zn    cos 6).    For small 6, these fringe planes are separated 

by \/2n . 
1 P 
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Neglecting absorption, these intensities are periodic within the bulk 

of the photoresist as shown in Figure 71b.    Therefore,  it is only necessary to 

consider a unit cell to see the intensity distribution caused by the summation 

of the desired interference with that caused by the standing waves.    This 

intensity distribution is shown in Figure 72 for a one-to-one beam intensity 

ratio,  assuming 30-percent reflectivity from a gold substrate.    The varying 

intensity in the y-direction caused by the standing waves produces a corres- 

ponding variation in the development rate in the photoresist,  resulting in a 

staircase structure such as that seen in Figure 59. 

The intensity distribution for a 20-to-l beam intensity ratio is shown 

in Figure 73.    By increasing the intensity ratio of the construction beams, 

the fringe contrast of the standing-wave interference is reduced.    However^ 

the fringe contrast of the primary interference is also reduced.    The net 

effect is a very slight intensity difference between areas of high exposure and 

low exposure.    Ideally, the minimum exposure should be zero.    With the 

one-to-one ratio the exposure at minimum is provided only by the standing 

waves, whereas with the 20-to-l ratio the exposure at minimum is higher, 

although the contribution from standing waves is reduced.    This is due to a 

large exposure at the minimum from the primary grating. 

Effect of Beam Ratio 

Exposures at these two beam ratios on a 2800 A thickness of AZ1350B 

photoresist on gold were compared.    The exposure times were adjusted to 

obtain equal exposure at the maximum value of I(x, y).    Standard development 

for one minute in one-to-one AZ1350 developer at 210C was used.    High- 

magnification photographs and SEM photographs in Figure 74 show the two 

gratings.    Due to the size of the sample, maneuverability within the SEM 

was restricted and did not allow a scan of the profile of the standing wave 

structure to be made.    However,  a broadening of the standing wave steps is 

evident in the SEM photos when the beam intensity ratio was increased to 

20 to 1. 

Figure 75 is the SEM photo of the photoresist grating mask shown in 

Figure 59 after ion-beam machining into the gold layer to a depth of 3000 A 

and removal of the remaining photoresist.    A slight step in the ion-beam 
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a.     1:1  beam ratio 

Figurt Exposures of AZ1350B photoresist on gold. 
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Note small areas  in the  1650x photo where the 
gold  substrate  is  showing through. 

b.     Z0:1   beam ratio 

Figure 74.     Exposures of AZ  1350B photoresist on gold.     (Continued) 
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SEM   ION MACHINED GROOVES 
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Fipuri' 7r .   SKM photograph of 3000 Ä ion-beam 
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machined (gold) grating is evident,   caused by the standirtg waves in the 

photoresist mask.    However,  a comparison of the photoresist grating mask 

and the    nal ion-beam machined (gold) grating shows a large reduction of 

standing wave structure due to the ion-beam machining process.    Further 

experimental work is needed to compare the ion machined grating profile 

with the photoresist grating mask profile. 

Effect of Substrate Reflectivity 

Gratings wera fabricated on various substrates in order to investigate 

the effect of standing waves experimentally as a function of substrate reflec- 

tivity.    Photoresist, was spin coated on (1) gold (39 percent reflectivity) 

(2) chromium oxide sputtered pver gold (6 percent reflectivity) and (3) glass 

substrate coated with absorbing black paint (less than Ö. 5 percent reflectivity). 

Exposures were made with 0. 4416 ^m construction wavelength beams- and a 

grating period of 4. 8 |j.m.    After standard development, the grating profiles 

were examined with a scanning electron microscope (SEM). 

In Figures 76 and 77,  photoresist grating profiles 4000 A high on 

uncoated gold are shown as a function of exposure energy.    At large expo- 

sure energies (200 to 400 mj/cm ) the standing waves are almost eliminated 

and the duty cycle is small,  ranging fr im 10 to 15 percent.    At lower 
2 exposures (100 mj/cm ) the duty cycle (40 percent) is improved but the 

standing wave pattern predominates.    At still lower exposure energies 

(Figure 77)    ehe duty cycle improves further (70 to 80 percent),  but the 

standing waves in turn exhibit the strong characteristic staircase pattern. 

Gratings produced with exposures of 50 mj/cm   or less are not suitable for 

ion machining due to the presence of excess photoresist in the grating 'valley1. 

The separation between the "staircase" levels was calculated to be 1300A 

and was verified by examining the pictures.    Since the photoresist-to-gold 

etching rate is about 1 to 3, this limits the peak-to-trough height machined 

into gold to about 40^0A, for a duty cycle of approximately 50 percent.    This 

is adequate for low-efficiency grating applications such as beam sampling. 

Deeper grooves can only be achieved by using higher exposure energies to 

minimize standing waves in the master resist grating at the expense of a 

reduced duty cycle. 
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Figure 76.    Dry gold substrate  - 1350B resist/lSSO developer, be 
r«tio 0. 72,   developing time  -  1 minute,  dilution 1:1. 
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Figure 77.    Dry gold sub.si.-ate - 1 350B resist/1350 developer, beam 
ratio 0,80,  developing time  -  1 ininutf,  dilution 1:1. 
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In Figures 78 and 79    photoresist gratings on dark chromium oxide 

are depicted asi a furiction of exposure energy.    A substrate reflectivity of 

6 percent was measured at the 0, 4416-^in laser wavelength.    However,  even 

at this low reflectivity value, the desired grating exposure intensity is modu- 

late;! 6 3 percent in the bulk of the resist.    As expected from the theory and 

verified by the SEM pictures, the standing waves have been partially elimi- 

nated and the duty cycle improved. 

To fabricate gratings with large peak-to-trough heights, a 2-|jLm layer 

of photoresist was used on glass substrates coated with flat black paint.    The 

reflectivity of these substrates is less than 0. 25 percent.    The method used to 

process these samples was described in the May report.    Resultant grating 

profiles are shown in Figure 80 as a function of exposure energy.    A marked 

improvement in the efficiency  (peak-to-trough height) and duty cycle is evi- 

dent, and the standing wave pattern has been completely elininated.    The 

duty cycle (rms width divided by one period) ranges from 25 to 40 percent 

while the peak-to-trough height is about 2 |j,m.    These master photoresist 

gratings are suitable for high-efficiency grating applications such as virtual 

axicons.    The 2-fim peak-to-trough height achieved is well in excess of that 

required in most applications. 

The grating profile is a function of the etch-exposure characteristic 

of the photoresist/developer combination.    To obtain a square-wave shaped 

grating from a sinusoidal holographic exposure,  nonlinear photoresist 

characteristics are desirable.    The profiles shown in Figure 80 for 1350J 

photoresist and 1350 developer are typically trapezoidal.    The slope angle 

between the side of the grating and the substrate is 75 to 80 degrees.    This 

is a consequenc " of the linear region that lies between threshold exposure, 

below which little or no photoresist is removed by the developer,  and satura- 

tion exposure,  above which all the photoresist is removed. 

In Figure 81a different photoresist (1375) was used with 1350 

developer to see if there was marked difference in the grating profiles. 

The duty cycle here ranges from 30 to 50 percent.    The profiles are basically 

similar to those obtained with 1350J photoresist and the slope angles range 

from 65 to 70 degrees. 
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Figure 78. Dry CrO on gold substrate  . ,350 reaiat/i^n -     , 

rat-in n  70   j       i     ■ 1-}:'u ^e,*l8v 1350 developer, beam ratio 0.79,  developing time - 1 minute, dilution 1:1. ' Deam 
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Figure 79.   Dry C rü on gold substrate  -  1350B resist/lSSO developer, beam 
L-atio 0. 78,  developing time - 1 minute, dilution 1:1, 
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Figur.- 80.    Dry/non-reriectmu substrate  -  1350J resist/l 350 developer, 
beam ratio 0.6 3,   developing tune  -  2 minutes,   dilution 1:1. 
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Figure 81.     Dry/non-reflecting substrate  -  1375  rosist/l 350 developer, 
beam ratio 0.64,   developing time - L minutes,  dilution 1:1, 
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Finally,  simultaneous-exppsure-and-development (SED) techniques 

were used with 1375 photore8ist/1350 developer,  as outlined in the May 

report.    The results are shown in Figure 82.    Again,  the profile character- 

istics are similar,  with slope angles of approximately 75 degrees,  but the 

duty cycle has improved to from 40 to 60 percent. 

Standing Waves in Thick Photoresist Layers 

In Section 3. 4. 5 an experiment to apply anti-reflection (AR) coating 

techniques to the fabrication of high-efficiency gratings was outlined. The 

composition of these coatings was varied to evaluate their effectiveness in 

eliminating standing waves.    Photoresist layers 2.6  \xm deep made with an 
2 exposure energy density of 130 mj/cm    were used to achieve ion-machined 

depths of up to 2 pm.    A grating period of 5, 1.5   H-m/cycle was chosen to 

match the axial period of the aberration-corrected design grating. 

Scanning-electron-microscope interrogation of the samples (Fig- 

ures 83 and 84) showed little or no evidence of standing waves.    It will be 

shown later that the slight structure remaining is "smoothed" out by the ion 

machining process and does not transfer into the final gold grating.    Because 

the AR coatings were selected to have reflectivities ranging from less than 

0. 1 percent up to 10 percent,  the absence of a dominant staircase structure 

at the high reflectivities did not correlate with previous theoretical and 

experimental work with thin (<0. 5 ^m) photoresist layers used for fabrica- 

tion of low-efficiency gratings.    To further investigate thia effect, similar 

gratings were 'abricated on gold substrates without AR coatings.    The results 

in Figure 85 show gratings of a quality comparable to those using AR coatings. 

Because gold haq s  reflectivity of about 40 percent at the exposure wavelength 

(0.4416 [im),  the at .ence of standing waves is attributed to the thickness of 

the photoresist layer.    Photoresist gratings fabricated with 1. S-^m layers 

on gold (Figure 86) exhibited a more definite staircase structure than those 

on 2.6 \iTn photoresist layers.    At present, the exact mechanism by which 

thick photoresist layers suppress standing waves is not known.    However, 

these experiments demonstrate the feasibility of fabricating suitable photo- 

resist gratings holographically for producing ion machined high-efficiency 

gratings in gold. 
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Figure 82.    SKI) non-reflecting substrdtes-1 575  resist   i5Q0 developer, 
beam   ratio 0. ü 3,   developer dilution  5:1. 
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PHOTORESIST 

7500X 

AR COATING 
OVER GOLD 

a.    Substrate reflectivity =  11 percent 

▼ 

7600X 

b.    Substrate reflectivity = 2 percent 

7500X 

c.    Substrate reflectivity -0.2 percent 

Figure 83.    SEM photographs of 
holographic gratings in photo- 
resist on gold with AR coatings 
of varying reflectivity. 
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Figure 84.    High-rnagnification SEM of typical grating profile on gold 
with AR coating showing minimal standing wave structure 

(ZO steps, \/4 ( 1300 A) separation). 
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PHOTORESIST 

GRATING 
PERIOD 
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26,800X 

23,0O0X 

Figure 85.    SEM photographs of (2.6 ^m relief height) holograph 
gratings in photoresist on gold with minimal 

standing wave structure. 
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PHOTORESIST 

PHOTORESIST 

GOLD 

13,200X 

Figure 86.    SEM photographs of holographic gratings on gold using 
1. 4 i^m thick resist.     (Standing wave structures are 

more dominant compared to gratings fabricated 
with 2.6 pm photoresist thickness: 

see Figures  84 and 85). 

Having achieved suitable photoresist gratings with Z. 6 urn peak-to- 

trough heights on gold  (Figures 85,   87 and 88) four samples were ion machined 

in pairs to grating depths of  1 and 2 jam in gold  (Figures 87 and 88.    One sample 

of each pair was  used for SFM interrogation.   Comparison of Figures  87 and 88 

GOLD PHOTORESIST 

6150X 

PHOTORESIST , 

7000X 

a.     Before ion machining. 

GOLD 

b.     After  ion machining. 

Figure 87.    High-efficiency   l-uni deep grating ion machined in gold 
using photoresist grating nicsk with 2.6 pm relief height (minimal 

standing wave  structure in photoresist mask is no1-. 
transferred  into gold grating.) 
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'a.     Before ion machining 

ION MACHINING EXCEEDED THICKNESS 
OF THE GOLD UAVER CAUSING EXCESSIVE 
ROUGHNESS AT GROOVES Of GRATING 
AND EXPOSING SILICON SUBSTRATE 

b.    Aftvjr ion machining 

Figure 88.    Z-|am deep grating ion machined in gold using photoresist 
grating mask with Z. 5 [im relief height.    (Ion machining 

exceeded thickness of gold layer causing 
excessive roughness of grating grooves 

and exposing silicon substrate. ) 

shows the deformation of the photoresist grating mask caused by high-energy 

ion bombardment as the grating is transferred into gold.    The photoresist 

grating becomes more triangular as the machining depth of 2 |j.m is 

approached.     The grooves of the gold grating also approach a triangular 

shape for increased depth.    However,  the top width of the grating which is 

shielded by the photoresist during the ion machining remains unchanged. 

With the two remaining samples,  the deformed photoresist grating 

mask was cleaned off,   leaving the final gold grating.    Efficiency measurements 

were taken with TE and TM polarization and compared with the predicted 

data of the Berkeley diffraction efficiency code based on the grating shape, 

depth and duty cycle.    Quantitative data from these measurements are pre- 

sented in Section 4 of this report. 
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4. 0   HIGH-EFFICIENCY GRATING'ANALYSIS AND MEASUREMENT 

The material presented in this section includes the major portion of 

the work that was carried out under Task IV (High-Efficiency Grating 

Investigation).    The balance of this effort,  dealing with identification and 

analysis of high-efficiency holographic grating concepts,  was covered in 

Section 2.    While the earlier optical design analyses were concerned pri- 

marily with the wavefront quality of the diffracted beams,   the computer 

analysis described in Section 4.2 was directed toward achieving high 

efficiency in practical holographic grating designs.    The presentation begins 

with a discussion of high-efficiency design issues. 

4. 1   HIGH-EFFICIENCY HOLOGRAPHIC GRATING DESIGN ISSUES 

Although high-efficiency linear gratings have been successfully pro- 

duced by a variety of methods,   this tact does not automatically ensure that 

comparable results can be achieved with nonlinear holographic gratings, 

which have neither straight grooves nor uniform groove spacing.    To make 

high-efficiency holographic gratings,   it is necessary to take into account the 

fact that the angle of incidence and the groove orientation (relative to the 

plane of incidence),  as well as the spacing,  rnay vary as a function of posi- 

tion on the grating. 

The necessity of controlling all of these variables simultaneously 

might appear to preclude the possibility of producing high-efficiency holo- 

graphic gratings.    However,  the geometry of the grating groove (shape, 

Width,  depth) is also a very important factor affecting the diffraction 

efficiency.    Small changes in groove geometry can cause relatively large 

changes in the grating efficiency.    For example,   a grating with a sinusoidal 

groove profile theoretically can have an efficiency of 100 percent for either 

polarization (electric vector perpendicular to the grooves,  E^,  or parallel 

to the grooves,  E..).    The variation of diffraction efficiency as a function of 
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7 8 groove depth for a sinusoidal linear grating is shown i** Figure 89  '   , for 

a particular groove period and angle of incidence.    Note that very high 

efficiency can be achieved in both polarizations for the same set of condi- 

tions.    This does require rather deep grooves, however.    Achieving the 

necessary groove depth with a controlled groove shape is the major issue 

in the fabrication of high-efficiency holographic gratings. 

The calculated efficiencies for both polarizations as a function of 

relative groove period for a particular groove depth and angle of incidence 

e INCIDENCE 

d - 0.85 

36u 

Figure 89.    Efficiency versus groove depth. 

7. K. A.  Zaki and A. R. Neu   »uther,  "Scattering from a Perfectly 
Conducting Surface with a Sinusoidal Height Profile: TM Polariza- 
tion, " IEEE Trans. Ant.  and Prop. ,  API?.   747 (1971). 

8. K. A.  Zaki and A. R.  Neureuther,  "Scattering from a Perfectly 
Conducting Surface with a Sinusoidal Height Profile: TE Polariza- 
tion, " IEEE Trans. Ant. and Prop. AP19. 208 (1971). 
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are given in Figure 90.      These calculations were made for a rectangular 
o 

linear grating.      Here it is not possible to get peak efficiency for both 

polarizations with the same groove period,   for these particular parameters. 

Similar plots can be made as a function of the angle of incidence and for other 

groove shapes (triangular,  trapezoidal,   flattened sinusoids,   etc. ).    Numerous 

calculations such as these have been described in the literature and the 

compuved efficiencies agree quite well with measured values,  especially in 

the infrared region of the spectrum. 

The dependence of the diffraction efficiency on the groove depth and 

profile applies equally to holographic gratings and was verified during the 

study.    Since the efficiency of these gratings is also a function of position. 
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Figure  90.      Efficiency versus groove period. 

9.     A.  Wirgin and R.  Deulil,   "Theoretical and Experimental Investigation 
of a New Type of Blazed Grating, " J.  Opt. Soc.  Am.   59,   1348 (1969). 
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because  of the factors noted above,  it should be possible,  in principle, to 

vary the groove geometry in a simple way (e.g. ,  the groove depth) to 

optimize the efficiency at every point.    In particular,  both high efficiency 

and good efficiency uniformity can be realized in this way. 

The optimization approach just described was pursued in conjunction 

with the fabrication investigation of Task III and yielded excellent results. 

Thus,  the feasibility of producing holographic gratings having uniform high 

efficiency hinges on the ability to control the groove shape and depth.    These 

fabrication issues were discussed in Section 3. 

4. 2   COMPUTER MODELING OF HIGH-EFFICIENCY GRATINGS 

4. 2. 1    Description of the Berkeley Code 

To calculate the  holographic  grating diffraction efficiencies,  a 

computer code developed at the University of California at Berkeley by 

H.  Kalhor,  K.   Zaki,  and A.  Neureuther was used.    The code models a 

perfectly-conducting metal grating whose cross-sectional groove profile 

is composed of up to 50 contiguous line segments per period.    A periodic 

Green's function is chosen for use in an integral representation of the total 

field.    A numerical solution to the integral equation can then be generated, 

yielding both the near and far fields. 

The code has been arranged in the form of two subroutines,  TESTTE 

and TESTTM, which calculate the diffraction efficiencies for the TE(EI,) 

and TM(EjJ incident beam p /larizations.    The subroutines are uued in 

conjunction with a calling program that translates the groove profile 

parameters of interest (such as the groove depth and duty cycle of rec- 

tangular grooves) into the lengths and angles of the contiguous line segments. 

For most applications a nmall number of segments is adequate —two for 

triangular blazed gratings and four for the trapezoidal grooves produced by 

ion-machining.    Other required inputs are the groove period,  the incident 
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beam angle (measured to the surface normal),  and parameters that govern 

the number of sample points and the degree of convergence of the numerical 

solution. 

The subroutines compute the distribution of diffracted power into 

all orders.    Other readily available information includes nie field magni- 

tudes and phases of ail the diffracted orders,   and the fields existing at the 

grating surface.    A check on the accuracy of the numerical solution is 

obtained by invoking conservation of the incident and diff/acted energies; 

by this criterion the TM solutions are typically accurate to within 0.5 per- 

cent and the TE solutions to within 0. 1 percent. 

Following is a discussion of the mathematical formulation used to 

determine the groove period and orientation. 

The groove period and orientation at each point are determined from 

the construction geometry shown in Figure  91.     To compute the fringe 

(groove) pattern the two converging fields are summed,   i.e.. 

Figure 91.      Construction geometry for the hologram. 
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U~exp   jk {ßlr    + x sin Vj  - z cos y ) 

r      2 
+ exp   jk {ß r    - x sin Y, - z cos y») 

The symbols are defined in Figure 91.      The resultant intensity on the 

holographic plate (z = 0) is 

I«2 + 2 :osjk    (x    + y2)(01   -  02) + x(Sin yj  + siny2)    | 

The fringe maxima describe an off-center region of a concentric 

circular pattern,   as shown in Figure 92.      The equation for these circular 
fringes is: 

x + 
sin yi + fin y 

2  </5l-'£) 
.       2 T?\ 

^V7^ (yi'r2,/3l,/J2) 

or, 

- r 
2        Hi 
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Figure  92.      Fringe pattern of a hulo- 
graphic lens; the  region enclosed by 
the clashed circle is an example of the 
pattern for non-normal incidence. 

The grating period d/A is equal to the distance from the mth to the 

(r.i + l)si groove,   measured along a  radius perpendicular to the grooves. 

Since this direction is given by the vector"? - T ,  the period is, 

approximately. 

d 3 r 

Bm 
1 

21/3, Mr 
(13) 
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where: 

■in yl + sin ^ 
+ y (14) 

To illustrate the use of this expression, consider a hologram made 

by interfering an on-axis  converging beam (/h = ß\ y. - 0) with a 45-degree 

off-axis collimated beam (/J   = 0; Y = Y, =  45°).    We wish to determine 

how the change in period affects the diffraction efficiency.    The maximum 

change in d/X occurs between the two edges of the grating on the x-axis 

(along the -T  direction in Figure 92).     Denoting these points by x = Ax , 

y = 0i  the f-number of the grating is given by 

f/no.  = JL   _L 
2x    " 4/3x 

o o 

Hence, the two points in question are defined by 

x    = ± 
1 

o      4^f/no. 

y= 0 

By substituting these values into Equations 13 and 14,  the periods at the 

two point« are found to be 

1 
X     siny ± l/(2f/no.) 

For an f/2 system with Y= 45 degrees, the period varies across the grating 
within the range 1 < d/X < 2.2. 
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As an example of how the code can be used to guide the design of a 

high-efficiency holographic grating,  a typical set of efficiency design curves 

(shown in Figure 93) was plotted.    These groove designs were chosen to 

yield diffraction efficiency values close to the theoretical limit of 50 percent 

for a holographic grating axicon with the trapezoidal groove profile indicated 

in  the   figure.      They  also apply  to the  design  of the  aberration- 

corrected beam sampler (see Section 5) which has almost the same beam 

geometry as a small region of the axicon —a 45-degree a-igle of incidence 

and two diffracted orders.      From Figure 93,   the best efficiencies 

for both polarizations were obtained when the ridge width (T) was between 

30 and 50 percent of the groove period (D). 

4. 2, 2   'Th'i Need for a Complex Model 

It is a widely held misconception that diffraction grating efficiency 

has been satisfactorily modeled for many years.    In fact,  adequate efficiency 

prediction has only become feasible with the development of computer 

codes that could approximate the full electromagnetic boui.   ary problem 

posed by the periodic structure,  with a high degree oi accuracy. 

To understand the need for a comple    diffraction efficiency model,   it 

is helpful to envision the incident beam exciting and interacting with standing 

wave modes within the grooves.    Low-order modes will 'e real,   and the 

rest will be evanescent. 

When the grating period is large 'd/A»l),  the groove can support 

a large number of real mode3.    The evanescent modes contribute relatively 

little to the matching of fields at the grating surface.    Under these 

conditions,   it is valid to approximate the effect of the grating as a simple 

surface phase modulation of the incident wave,   and to use Fourier compon- 

ents to weight the diffraction efficiencies of the resulting orders.    Polari- 

zation dependence need not be considered. 
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T/D = 0.2 T/D = 0.3 T/D = 0.4 T/D » 0.5 

    TM 
 TE 

e.' 45° 

T/D - 0.6 

en^o» D- V2X 

Figure 93.    Diffraction efficiency design curves: 
beam sampler or mixing axicon. 

As the grating period becomes comparable to the wavelength, the 

boundary matching condition will depend more and more on evanescent 

fields.    Very high diffraction efficiency may occur when the incident wave 

couples strongly into one of the real modes.    Some types of anomalies will 

occur when a similar resonance enhances an evanescent field.    To char- 

acterize the efficiency of a particular grating, the modes which the groove 

can support must be known in detail as a function of the incident polariza- 

tion,  groove shape,  substrate conductivity,  etc.    Unfortunately, this sort 

of analysis is nearly impossible to carry out except in the special cases of 

rectangular and 90 degree blazed grooves.    For most practical applications, 

an approximate or numerical solution is required. 
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Two suitable numerical codes have been developed to date.    The 

first is the Berkeley code,  which was used in this study.    The code assumes 

that the surface fields on the grating can be fitted to a simple polynomial 

within a small enough cell.    Within such cells,  the wave equations can 

be integrated exactly,  and the resultant matrix can be inverted to determine 

the coefficients of the polynomial-approximated fields. 

The second code, which was developed at the Faculte des Sciences 

et Techniques de Saint-Jerome in France, manipulates the integral equa- 

tions into a form in which they are amenable to an asymptotic expansion. 

Theoretically, both codes can handle finite conductivity regimes; 

however,  the version of the Berkeley code that was used in the Holographic 

Grating Study does not do this. 

4.2.3   Verification of the Code 

Comparison of predicted efficiencies with experimental data has 

yielded a high degree of confidence in the accuracy of the Berkeley code 

at wavelengths of 3 |j.m and above.    The results of one code verification 

effort   are presented  in  Figure 94. Loewin,   et al      have 

published data which indicate excellent agreement between their measure- 

ments and the Saint-Jerome code.    Calculations from the Berkeley code for 

the same grating configuration have been added to these curves.    In the TM 

polarization the curves are very well matched; in the TE polarization the 

shape of the curve is identical,  but the curve appears to be shifted to 

slightly shorter wavelengths. 

10.    E. G.  Loewin,   et al. ,   "Correlation Between Efficiency of Diffraction 
Gratings and Theoretical Calculation Over a Wide Rang' , " Japanese 
J. Appl.   Phys.,   14 (1975) Suppl.   14-1. 
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Figure 94.    Code verification: Bausch and Lomb blazed gratings. 

Another code verification is shown in Figure 95.      The University 

of Dayton Research Institute compared the unpolarized reflectivity of a 

trapezoidal ion-etched grating to predictions of the Saint-Jerome theory: 

again, values computed with the Berkeley code have been added to the plot. 

The two curves compare very favorably. 
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Figure 95.    Code verification:   Hughef ion-etched 
grating.    Reflectivity in unpolarized light. 

4. 3  HIGH-EFFICIENCY HOLOGRAPHIC GRATING MEASUREMENTS 

A «et of ten holographic grating sample* was fabricated as described 

in Section 3.4.4.    These gratings are of the type modeled in Section 4. 2. 2 

(see Figure 93).    The theoretical diffraction efficiency limit for these gratings 

is 50 percent for an incident angle of 45 degrees.    Figures 96 and 97 show 

the measure«} efficiency values for both polarizations.   Gratings with groove 

geometries of this type are suitable for use as high-efficiency grating 

axicons.   In the axicon case (normal incidence), approximately 50 percent 

of the incident beam would be diffracted into each order (n = ±1).    These 

samples confirm the high diffraction efficiency characteristics of ion 

machined holographic reflection gratings. 
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Figure 96.    Ten high-efficiency samples: 
calculations for TM (Ej, ) polarization. 

GROOVE DEPTH, Mm 

Figure 97.    Ten high-efficiency samples: 
calculations for TE (E,,) DolarizaHnn (E,,) polarization. 
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5.0   ABERRATION-CORRECTED HOLOGRAPHIC GRATINGS 

This section of the report documents the work accomplished 

under Task VI (Aberration-Free Beam Sampler Feasibility Demonstration).* 

Section 5. 1 contains a discussion of the task objective and the design and 

fabrication issues involved,  while the detailed design of the demonstration 

grating is presented in Section 5. 2.    Results of the spot profile and diffrac- 

tion efficiency measurements that were performed are described in 

Section 5. 3. 

5. 1   OBJECTIVE AND DESIGN ISSUES 

The advantages of using aberration-corrected holographic gratings 

in HEL systems applications and the possibility of fabricating them by means 

of the "aberrated-wavefront" exposure technique were discussed in preceding 

sections of the report.    The objective of Task VI was to demonstrate that 

such gratings could in fact be designed and fabricated by existing methods. 

For this purpose,   a design configuration was chosen that would be repre- 

sentative of a beam sampler for an infrared HEL beam.    First,  aberration- 

corrected designs of the grating and construction optics were performed with 

*The gratings developed under this task were originally called "aberration 
free, " but this designation was subsequently dropped in favor of the more 
accurate term "aberration corrected".    The two descriptions are used 
synonymously in this report. 
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the aid of existing optical design computer programs.    Then the holographic 

grating was fabricated using the specially designed compensating optics in 

the coi.dtruction beams.    Following completion of the fabrication process« 

ion machined vsamples were played back in the design geometry and wave- 

length, and the intensity distributions of their focal spots were measured to 

assess the residual aberrations. 

The sampling geometry selected for the demonstration was a flat 

mirror oriented at 45 degrees to an incident parallel beam.    The holographic 

grating was designed to focus the first diffracted order at a point on the 

normal through the center of the mirror,  as shown in Figure 98.    This 

choice was influenced by two major considerations: 

1. The aberrations asaociated with this highly off-axis configuration 
are relatively severe compared to those of other designs and 
therefore constitute a convincing test of the aberration- 
correction technique.    Furthermore,  the degree of compensation 
achieved is more easily evaluated when the corrected aberrations 
are large relative to the diffraction Limit. 

2. Since the spin-coating technique used throughout most of the 
fabrication investigation i^ not well suited for curved substrates, 
a flat grating design was chosen for demonstration purposes. 
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PLAYBACK OPTICS 

SURF ELEM DWG RAD MATERIAL THK LIMIT RAV HEIGHTS  | 
RAY A RAYC 

0 SOURCE ^^ AIR OD 1.772 -1.772 

1 IIA, MB OD AIR 
iHOLOGRAMI 

-11.811 1.772 -1.722 

2 FOCUS /S S ̂ ^ ^ 
0 0 

RAY A 

-3.544 

/. BEAM OUTLINE 

HOLOGRAM 

PLAYBACK OPTICS 
SCALE.   1/3 

PLAYBACK OPTICAL CHARACTERISTICS                j 

EOUIVALENT FOCAL LENGTH 11 311 INCHES 

F-NUMBER 3.33 

CCNSTHUCTION WAVELENGTH 0.4416/xM 
PLAYBACK WAVELENGTH 3.39 MM 

Figure 98.    45-degree mirror beam sampler,    Mirroi 
sample point distance 11.81 inches  (30 cm). 
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An important practical consequence of the 45-degree configuration 

employed was that the alignment tolerances for both construction and 

playback turned out to be especially stringent.    (The tolerances are speci- 

fied in Section 5. 2 in connection with the design description. )   In fact,  the 

alignment tolerances for playback would probably preclude the use of this 

design in a real HEL system,  at least with a fixed mirror.    Because of 

these tolerances, the alignment procedures required for exposure and 

measurement of the demonstration grating were unusually delicate and time 

consuming.    Nevertheless,  the aberrations were successfully reduced to 

a level approaching the diffraction limit,  thereby confirming the feasibility 

of the method.    The focal-spot and efficiency measurements are described 

in Section 5.3. 

A second issue of concern relating to the design of aberration- 

corrected gratings was the optical quality of the substrate.    Since the 

grating design is predicated on the assumption that the substrate is per- 

fectly flat,  any distortions of the substrate {w!iich also distort the grating) 

will tend to introduce spurious aberrations anc confuse the grating evalua- 

tion.*    For this reason, the demonstration grating samples were fabricated 

on X/20 optical flats,  as described in Section 3.    Both high-efficiency and 

intermediate-efficiency samples were made by machining the gratings to 

different depths in the substrate.    The latter were used in place of low- 

efficiency samples which would be difficult to measure accurately with a 

low-power laboratory laser. 

Even though the requirements of Task VI were satisfied by the 

aberration-corrected gratings on optical flats,  it was of interest to nee if 

similar results could be obtained with a larger and more realistic substrate. 

*Refer to the discussion of grating distortions in Section 2.3. 1. 
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For this purposi',  a mulybtienum watt'r-cooled high-powei' mirror 

approximately 9 cm in diameter ssas loaned to Hughea by the Air Force 

Weapons Laboratory.    Because of its size and weight,  this mirror could 

not be spin coated,   as were the flats.    Instead,   aller being polished flat, 

it was coated with photoresist using an experimental dip-draining technique. 

After initial experimentation with the new *,i-hnique,   the demonstra- 

tion grating was fabricated on the "GFK" mirror and its  residual aberrations 

and efficiency uniformity were measured over an aperture of about 3 inches. 

The measurements showed that the larger grating also achieved nearly 

diffraction-limited performance,   although some peaking of the diffraction 

efficiency was observed near the erlies of the mirror.    These results were 

achieved in spite of the fact that the mirror had been polished,   but not coated 

under pressurized conditions and was therefore somewhat distorted. 

(Experimental difficulties prevented it from being coated under pressure.) 

/ . ,' -.terferogram of the unpressuri^ed mirror before coating is shown in 

Fiir:re 99. 

Figur« 9'/.    Interferogram of GFE mirror. 
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5. 2   ABERRATION-CORRECTED BEAM SAMPLER DESIGN 

The aberration-corrected 45-degree beam sampler,   shown in Fig- 

ure 98,  consists of a nonlinear holographic grating on a plane mirror. 

The grating was designed to diffract a collimated 3. 39-p.m beam incident at 

45 degrees in such a way that an aberration-free wavefrcnt converging to a 

point 30 cm from the mirror is obtained in the first order.    The grating on 

the mirror is 9 cm in diameter, with a nominal speed of f/3. 3.    The axial 

ray, which passes through the center of the grating,  is diffracted along the 

normal to the mirror. 

The holographic grating fringe pattern was recorded in photoresist 

using interference between two coherent wavefronts at a wavelength of 

0. 4416 \im.    The hologram construction optics necessary to record the 

correct grating pattern are shown in Figure 100.    To correct aberrations 

on playback in the infrared (\ = 3.39 jim), the hologram was constructed 

with aberrated wavefronts by means of a cylindrical lens in one beam and a 

spherical lens in the other.    These construction optics are advantageous in 

that the f-numbers of the construction beams are much smaller than ti'at of 

the final beam,  and both are diverging beams.    The conventional optical 

elements required in this case are of small aperture and can be easily 

manufactured and cleaned.    However, the alignment tolerances of these 

elements on the optical bench are stringent.    The steps taken to obtain the 
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Figure 100.    Construction optics for aberratiun-corrected 
45-degree mirror beam sampler. 
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final conttruction optics design for the aberration-corrected,  45-degree 

beam sampler are summarized below. 

First, the distances and angles of the construction point sources that 

satisfy the paraxial equations were investigated in a tradeoff mode.    This 

showed that coma and astigmatism in the beam on playback both decrease 

with an increase ic. the conjugate distances of the construction optics.    Coma 

canalso be mlnitnia^d by properly selecting the angles of the two construc- 

tion beams relative to the mirror.    The conjugate distances of the con- 

struction optics were therefore selected so that the longer distance would 

conveniently fit on the available optical bench in the laboratory,  and the 

angles were selected to minimize the coma.    Residual astigmatism was 

corrected by inserting a cylindrical lens in the beam corresponding to the 

long conj igate distance.    This effectively   changes the focal distance along 

one axis of the mirror.    Spherical aberration was then corrected by adjust- 

ing the power and bending of the lens in the short-conjugate beam (Fig- 

ure 100)  along with the distance of the short conjugate point from the mirror. 

The finai stage of the design was to vary all of the construction optics 

parameters simultaneously using the Hughes c    ical design optimization 

program,  to minimize the residual aberrations .   d obtain the smallest 

possible.geometrical blur. 

The geometrical aberrations of the design are shown in Figure 101; 

they are well below the diffraction limit for the design geometry, which is 

a spot of 13. 8 pm radius.    The dominant residual aberration is high-order 

spherical aberration, which is of opposite sign in the planes of symmetry 

and asymmetry.    This aberration can be most effectively reduced by the 

addition of complex higher-order aspherics to the construction optics. 
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NOMINAL DESIGN 

S 

I 
< 
(E 
ff 

-2.5   - 

-4.5 

REIATIVE APERTURt 
AXIS OF ASYMMETRY 

4.5 

PUPIL COORDINATE IN PLANE 
OF ASYMMETRY, CM 

RELATIVE APERTURE 
AXIS OF SYMMETRY 

0 4.5 

PUPIL COORDINATE IN PLANE 
OF SYMMETRY, CM 

Figure 101,    Departure of the rays from a perfect geometrical 
focus versus the relative aperture.    The diffraction limit is 
13.8 |Jim. 

However,  the added cost is not warranted in view of the already low 

aberration level and the nature of the overall program objectives.    Because 

of tue rapid increase in the aberration near the edge of the pupil,  care must 

be taken not to utilize this design with a larger aperture.    The geometrical 

aberrations over the full aperture are further represented by the spot 

diagram and knife edge traces shown in Figure 102.    Finally, recent 
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SPOT DIAGRAM KNIFE EDGE TRACE 
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DIFFRACTION LIMIT RADIUS - 1.3« x IIP5 CM 

Figure 102.    Geometrical spot diagram and knife edge trace for nominal 
design of the aberration-corrected 45-degree beam sampler. 

modifications of the Hughes optics codes permit computation of waveforms 

passing through holographic optical elements.    In this design, the maximum 

wavefront aberration is about X/14. 

The design was evaluated to establish the opto-mechanical tolerances 

that would have to be maintained during construction.    The tolerance 

criterion employed was that the root-sum square of the geometrical per- 

formance degradations associated with the tolerances given in Table 17 

should be less than the difference between the diffraction limit and the 

maximum aberration in the nominal design.    These tolerances are based on 

the assumption that on playback, both the focus and angle of incidence of 

the beam on the mirror are adjustable over a small range of values to obtain 

the minimum spot size.   If this is not done, the tolerances become exces- 

sively severe, particularly for the angles of the two construction beams 

relative to the mirror.    The tolerances given in Table 17 are stringent, 

but can be held in the laboratory. 
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TABLE 17.    CONSTRUCTION OPTICS TOLERANCE« ASSUMING ADJUST- 
MENT OF THE INCIDENT BEAM AND FOCUS ON PLAYBACK 

Design Parameter Value Tolerance 

Short Conjugate 

Distance betwe   .point source and lens, inches 

Distance between lens and mirror,  inches 

*Angle of incidence of beam on mirror, 
degrees/minutes/seconds 

hone, Conjugate 
Distance between point source and lens, inches 

Distance between lens and mirror, inch 
*Angle of incidence of beam on mirror, 
degrees, minutes,   seconds 

5.589 

26.784 

2o35,06,, 

7.721 

60.617 

±0.003 

±.0.045 

±1» 

±0.015 

±0.053 
±1' 

*A variation of one or both of the construction angles can be compensated 
by a variation of the playback beam angle of incidence.    However, the 
difference between the two corstruction beam angles must be held to a 
tolerance of less than il'SO". 

NOTE:   The lens drawing tolerances are given in Figures 103 and 104,    j 

The drawings for the lenses used in the construction optics are shown 

in Figures 103 and 104.    These lenses were designed to fit existing test 

plates 

5. 3   EVALUATION OF DEMONSTRATION GRATING DESIGN 

5.3.1   Focal Spot Profile Measurement 

The measurement of aberrations in holographic gratings designed for 

use in the 3-p,m wavelength region is constrained by the following 

considerations: 

1.     Holographic gratings can be corrected for aberrations only for a 
single reconstruction geometry and a single wavelength.    Thus, 
testing must be done at the design wavelength in the design 
geometry. 
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2.     The availability of iaien operating near 3 ^m and having good 
phase characteristic« is very limited.    At the Hughes Research 
Laboratories, a 3. 39-^m laser with an output power of about 
15 mW was the only available source.    The non-visible wave- 
length and low power make the use of interferometry to measure 
the diffracted wavefront unwieldy and impractical. 

Fortunately,  the holographic gratings of interest are designed for 

use with point-source or collimated beams; hence, evaluation of the focal spot 

produced by the grating is sufficient to determine It* focusing properties 

and the degree of aberration correction achieved. 
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Figure 103,   Lens,  cylinder IA. 
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Figure 104.    Lens,  IB. 

The  grating  samples were mounted in the  reconstruction 

geometry for which they were designed.    They were illuminated at an angle 

of 45 degrees with a well-collimated beam of 3. 39-|Am radiation 15 cm in 

diameter.    The intensity distribution in the focused spot was measured by 

scanning the focused beam over an InSb detector with a pinhole aperture 

which was small compared with the diffraction-limited spot size. 

Details of the testing setup are shown in Figure 105.    The horizontal 

scanner swept the 3. 39-^m focal spot in a slow linear scan past the pinhole» 
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CHOPPER 

Figure 105.    Focal spot profile measurement. 

The vertical scan signal was DC and was varied in small increments.    It 

was advantageous to amplify the detector output with a lock-in amplifier 

and chopper.    By combining the amplified detector output with the DC verti- 

cal signal, the signals for a three-dimensional scan profile were obtained on 

an x-y recorder.    Some sample scans are also shown in Figure 105. 

The size of the focal spot was calibrated by comparing the width 

of the plotted sweep trace to the measured angular mirror deflection.    The 

given experimental errors (±5 jim) are a result of possible errors in 

measuring the small ( ~10 minute) mirror deflections.    Correction was made 

for the finite size of the pinhole by subtracting the pinhole size from the 

calculated spot size. 

Alignment and interferometric testing of the collimator optics were 

accomplished with a 6328 A HeNe beam which was introduced cc-linearly 

with the 3.39-nm beam.    Collimation testing was performed by shearing the 

beam alternately in the horizontal and vertical directions with a 4-inch 
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Fabry-Perot plate.    The residual aberration remaining after collimation 

was difficult to measure with the shearing plate.    A conventional inter- 

ferogram of the HeNe wavefront was then made (Figure 106) which showed 

several waves of aberration at 6328 A.    Fortunately,  this corresponds to only' 

a fraction of a wave at 3. 39   H-m. 

Measurements were made in the TE(E „) polarization because the 

diffraction efficiency of the gratings was found to be more uniform in this 

polarization.    (Diffraction efficiency measurements are discussed in 

Section 5.3.2.) 

Results 

The focal spot profile of a 2-inch high-efficiency sample grating was 

obtained.    This sample was chosen because its high efficiency compensated 

somewhat for the small fraction of the incident beam area being used. 

Since the small samples were processed identically up to the point of ion 

machining,  it was not necessary to measure the beam quality of more than 

one.       However,  the grating etched into the water-cooled GFE mirror was 

processed differently (the photoresiat was dip-drained rather than spin- 

coated,  and the aperture was larger),   so additional time was devoted to 

measuring this grating.    The results of the two tests are shown in Figure 107 

and 108.    The diffraction-limited spot size of the 2-inch sample is ^9 ijim; 

the spot was passed through a 12. 5-^m pinhole.    The 3-inch grating on the 

watercooled subftrate had a theoretical spot size of 3?.urn, and a 7-fim 

pinhole was used in this case.    Both plots show that within the limits of 

experimental accuracy the central spots are of the predicted width.    This 

represents a dramatic reduction in spot size relative to the spot from an 

uncorrected focusing beam sampler.    However, by the amount of energy 

scattered into the sidebands it was evident that some residual aberration 
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Figure 106.     Interfero^rams of collimated incident beam at 6328 A. 
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HORIZONTAL SCANS 
ORATING APERTURE 
= 2 INCHES 

VERTICAL SCAN 

40Mm 

•SPOT SIZE CALIBRATED TOtBMm 

Figure 107.    Focal spot profile of aberration- 
corrected beam sample:   High- 

efficiency sampler. 
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Figure 108.   Focal spot profile of aberration-corrected 
beam sampler on water-cooled mirror. 

was still present.   In the time available, it could not be determined whether 

this was caused by high order aberrations in the beam sampler itself, or the 

residual aberrations in the collimated incident beam.   To answer this 

question, additional measurements would be required. 

5.3.2   Diffraction-Efficiency Measurements 

A measurement of diffraction efficiency uniformity was obtained by 

scanning an image of the diffracted beam past the detector (Figure 109a). 
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b.   Spot calibration measurement« 

Figure 109.     Diffraction efficiency meaaurementi. 
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Some horizontal «cam at different heights for the measured gratings are 

shown in Figure 110.      The small,  spin-coated samples exhibit excellent 

uniformity in outh polarizations.    The larger grating shows excellent uni- 

formity in the TE polarizations, while some peaking occurs near one edge 

of the mirror in the TM polarization.    One note of interest concerning this 

grating is that the upp«r and lower scans reveal a small amount of coupling^ 

between the two polarizations.    Peaks and dips occur in the same places 

even t/vough the magnitudes remain quite different.    This is probably caused 

by the curvature of the grooves; at the centerline where the grooves are 

vertical,  no such coupling is observed. 

To calibrate the magnitudes of these curves,   spot checks were made 

at half-inch intervals along the horizontal centerline «can, using the 

unexpanded 3.39 ^m beam and a Scientech thermopile detector (Figure 109b). 

The center efficiency was measured as follows:* 

39 percent TM (Ex) 
Small high-efficiency sample No.   1 

45 percent TE (E,,) 

35 percent TM^EjJ 
Small high-efficiency sample No.  2 

42 percent TE (E,) 

20 percent TM (3^) 
Small intermediate-efficiency sample 

13 percent TE (E,) 

9.^ percent TM {E L) 
Water-cooled substrate sample 

6.7 percent TE (E i,) 

The spot measurements also corroborated the shape of the scanned diffrac- 

tion efficiency curves. 

»These gratings were not designed to have equal efficiency values. 
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a.    High-efficiency sample No.   I 
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b.    High-efficiency sample No.  2 

Figure 110.    Diffraction efficiency uniformity. 
Horizontal scan recorded at three heights;- 
calibration varies from sample to sample,  and 
between polarizations; efficiency at grating 
center is noted for each. 
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TM(Ei» TEtE,,» 

c.    Intermediate-efficiency sample 

TMiEjj TE(Eii) 

d.   Grating on the water-cooled mirror 

Figure 110.   (Continued) 
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6. 0   CONC LUSIONS OF THE ST UDY 

The two primary goals of the Holographic Grating Study were to 

demonstrate the feasibility of fabricating low and high-efficiency ion- 

etched holographic grati. 3s (HGs) and, by means of optical analysis, to 

establish their suitability for use in practical HEL. systems.    Although 

prospects for complete success were uncertain in the beginning (hence, 

the reason for the study),  both goals were in fact fully achieved.    In 

this concluding section of the report,  the results of the study are 

summarized and their implications for the continued development of 

holographic grating technplogy are discussed. 

6. 1   SUMMARY OF RESULTS 

The most tangible outcome of the experimental investigation 

was the successful fabrication of several low-efficiency and high-efficiency 

sample gratings ion-machined on gold-coated optical flats,  and a low- 

efficiency beam sampling grating in gold on a water-cooled,  high-power 

mirror approximately 9 cm in diameter.    The measured diffraction 

efficiency of the spin-coated sample gratings exhibited excellent uniformity 

in both polarizations,  while the efficiency of the mirror grating,  which was 

dip-coated,  was only slightly less uniform.    These results serve to 

demonstrate the efficacy of the fabrication techniques employed,  including 

the measures taken to obtain uniform photoresist coatings,  spatial stability 

of the interference fringes during exposure of the grating,  and control of 

the ion-machining process to ensure accurate transfer of the photoresist 

grating into the gold.    Effective methods of suppressing standing wave 

patterns in the photoresist gratings were also demonstrated. 

The optical analysis effort yielded several important results.    Foremost 

among these was the conclusion that sampling of an HEL beam for purposes 

of line-of-sight or wavefront control by means of a holographic grating on 

the primary mirror is feasible for certain sampling geometries.    This 

concept was analyzed in considerable detail and led to the definition of an 
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implementation approach for a primary mirror HG beam-iampling LOS 

^control ■ubsystem.   A holographic grating axicun concept was also examined 

in sufficient depth to establish it as a promising candidate for use in an 

annular ring resonator of a high-energy laser.     Another concept found to 

have significant potential for HEL systems was a holographic grating rhomb. 

The design, fabrication and evaluation of aberration-corrected 

holographic gratings were also addressed during the study.    For this 

task, a corrected 45-degree beam sampling grating was designed and 

fabricated on the water-cooled mirror and four of the optical flats.   In 

each case, the focal spot was found to be the same size (within experimental 

accuracy) as that of a diffraction-limited beam; this represents a dramatic 

improvement over the performance of an uncorrected grating with the same 

design geometry.   Thus, the results of this effort verified the aberration- 

corrected design and also demonstrated that the optical performance inherent 
in thie design is preserved in the fabrication process. 

The remaining investigation was directed toward establishing the 

feasibility of designing and fabricating high-efficiency holographic gratings. 

This effort was also successful, as evidenced by the high-efficiency gratings 

that were produced under the fabrication task.   As an example of  the results 

obtained, an HG designed for 50 percent diffraction efficiency yielded 

measured values of 50 and 46. 5 percent for two orthogonal polarizations of 

the incident beam.    These results were achieved with the aid of a computer 

code to determine the optimum grating parameters for a specific design. 

The success of this effort was «specially gratii'ying since the development of 

practical high-efficiency HGs was regarded as perhaps the most difficult 

technical challenge of the Holographic Grating Study, and paves the way for 

a number of important high-efficiency applications,  notably the HG axicon 
and the HG rhomb. 

6. 2   IMPLICATIONS FOR FUTURE DEVELOPMENT 

Due in large measure to the successful outcome of the Holographic 
Grating Study,  the development of ion-machined holographic gratings has 
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progreiied from RLD statua to tfie threahold of becoming a generally 

accepted engineering technology.    Since the viability of leveral HG concepte 

for HEL systema has been shown analytically, while the requisite design 

and fabrication techniques for both low-efficiency and high-efficiency 
gratings have been demonstrated with optical flats and a 9-cm water-cooled 

mirror, the results of the study would appear to leave only one major 

issue unresolved - the scalability of the fabrication methods to much larger 
substrates, e.g., primary mirrors exceeding one meter in diameter. 

Before addressing this question, it should be noted that neither the 

optical design techniques used to analyze the grating concepts and configura- 

tions,  nor the computer-aided design of the grating itself are in any way 

limited tc small apertures.    Hence the results of the study are sufficient 

to establipi: confidence in the analytical tools presently available.   It is also 

evident that the basic understanding of photoresist deposition, exposure, and 

ion-machining processes acquired in the course of the experimental investiga- 

tion is entirely applicable (and in fact essential) to the fabrication of larger 

gratings. 

The scalability of the fabrication methods hinges on developing 

a scalable substitute for the spin-coating photoresist deposition process 

that was used for most of the experimental work.    (Spin coating is inherently 

limited to small substrates because of the mechanical forces involved. ) 

On the basis of preliminary investigation during the Holographic Grating 

Study and subsequent additional development, Hughes believes that the 

dip-coating method is a suitable replacement fur spin coating, and is fully 

scalable to any desired size. 

The other two requirements for scaling up the fabrication process 

involve only straightforward, low-risk engineering modifications.    As 

discussed in Section 3. 2. 3, the additional laser power needed for making 

large-area holographic gratings with reasonable exposure times has already 

been provided by upgrading the source with a new laser of higher power 
and shorter wavelength (for improved photoresist sensitivity).    Scaling up 

the ion-machining and substrate-handling facilities is also a straightforward 

engineering task. 
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Thus,   although further work is needed to assess absorption and 

acattering effects,  the   most critical issues relating to the development of 

large ion-machined holographic gratings have been successfully resolved. 

In conclusion,   the HGS Program has shown that holographic gratings con- 

stitute a viable technology for high-energy laser systems applications. 

As the versatility and unique properties of these devices become more 

widely appreciated,   they will inevitably assume an increasingly important 

role in the development of HEL systems. 
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